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Abstract 
In some circumstances, dietary nitrate (NO3
-) supplementation can favourably alter the 
physiological response to exercise. Recent research highlights a potential preferential effect of 
NO3
- supplementation on type II muscle fibre function. The purpose of this thesis was to 
investigate the practical applications of NO3
- supplementation in sport and exercise settings 
requiring a substantial contribution of type II muscle fibre recruitment such as team and sprint 
sports. Specific questions addressed in this thesis include whether NO3
--rich beetroot juice 
(BR) supplementation can influence the performance of sprint and high-intensity intermittent 
exercise and if BR supplementation, when combined with sprint interval training (SIT), can 
enhance performance and muscle metabolic adaptations in competitive team sport players. In 
addition, since cognitive performance is a key aspect of team sport performance, the effect of 
BR supplementation on decision-making during high-intensity intermittent exercise was also 
assessed. Chapter 4: Total work done during a prolonged intermittent sprint test (IST) 
designed to mimic the metabolic demands of team sport play was 3.5% greater following short-
term BR supplementation (123 ± 19 kJ) compared to short-term NO3
--depleted beetroot juice 
(PL) supplementation (119 ± 17 kJ) (P<0.05). Decision-making reaction time was shorter in 
the second half of the IST in BR (817 ± 86 ms) compared to PL (847 ± 118 ms) (P<0.05). 
Chapter 5: Short-term BR supplementation improved the performance of sprint running 
compared to PL over distances of 20 m (1.2% improvement; BR: 3.98 ± 0.18 vs. PL: 4.03 ± 
0.19 s; P<0.05), 10 m (1.6% improvement; BR: 2.53 ± 0.12 vs. PL 2.57 ± 0.19 s; P<0.05) and 
5 m (2.3% improvement; BR: 1.73 ± 0.09 vs. PL: 1.77 ± 0.09 s; P<0.05). Relative to PL, BR 
supplementation also increased the distance covered in the Yo-Yo intermittent recovery test 
level 1 by 3.9% (BR: 1422 ± 502 vs. PL: 1369 ± 505 m; P<0.05). Decision-making reaction 
time was shorter in BR (615 ± 98 ms) compared to PL (645 ± 120 ms) (P<0.05) at rest but not 
during the Yo-Yo IR1 test. Chapter 6: 4 weeks BR ingestion significantly reduced the O2 cost 
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of moderate intensity exercise (by 5%; P<0.05) and significantly increased the peak work rate 
(WR) attained during incremental exercise (P<0.05). When 4 weeks SIT was combined with 4 
weeks of BR ingestion, peak WR increased more than when SIT was combined with PL 
supplementation (SIT+BR: 24 ± 8 W increase vs. SIT+PL: 16 ± 15 W increase; P<0.05). 
Although the change in time to task failure during severe-intensity exercise was not statistically 
different between SIT+BR (69% increase) and SIT+PL (55% increase), there was evidence of 
a more favourable muscle metabolic response to severe-intensity exercise in SIT+BR. 
Specifically, at the 3-min iso-time during severe-intensity exercise, muscle pH was higher and 
muscle (and blood) [lactate] was lower in SIT+BR only (P<0.05). These findings demonstrate 
that BR supplementation may be ergogenic in sprint cycling, sprint running and high-intensity 
intermittent exercise and that when combined with SIT, BR supplementation may enhance the 
resultant exercise performance adaptations and some muscular adaptations to exercise. The 
results of this thesis also suggest that BR supplementation may improve cognitive performance, 
specifically decision-making reaction time, during team sport exercise.  
 
 
 
 
 
 
 
 
 
iii 
 
Table of contents 
Abstract………………………………………………………………………………………...i 
Table of contents……………………………………………………………………………...iii 
List of tables………………………………………………………………………………....viii 
List of figures………………………………………………………………………………..viii 
Symbols and abbreviations……………………………………………………………...…..xiii 
Declaration, publications and communications……………………………………………..xvi 
Acknowledgements………………………………………………………………………….xix 
 
Chapter 1: Introduction……………………………………………………………………...1 
 
Chapter 2: Literature review 
Endogenous nitric oxide generation…………………………………………………………...3 
Nitrate-Nitrite-NO pathway…………………………………………………………………...4 
Dietary NO3
- intake……………………………………………………………………………7 
Dietary NO3
- supplementation and exercise economy………………………………………...8 
Mechanisms for improved exercise economy following dietary NO3
- supplementation…….10 
Dietary NO3
- supplementation and exercise performance…………………………………....14 
Mechanisms for improved exercise performance following dietary NO3
- supplementation....18 
The possible effect of dietary NO3
- supplementation on cognitive performance…………….21 
Dietary NO3
- supplementation and exercise training………………………………………...23 
Summary……………………………………………………………………………………..24 
Aims and Hypotheses …..………………………………………………………………..….27 
iv 
 
Chapter 3: General Methods 
Ethical approval and informed consent……………………………………………………...29 
Health and Safety……………………………………………………………………………29 
Participants………………………………………………………………………………......30 
Supplementation……………………………………………………………………………..31 
Measurements………………………………………………………………………………..32 
 Blood pressure……………………………………………………………………….32 
 Blood sampling………………………………………………………………………33 
 Measurement of blood lactate, glucose, and plasma potassium and sodium 
concentrations………………………………………………………………………………..33 
 Measurement of plasma nitrate and nitrite concentrations………………………….34 
 Cognitive assessment………………………………………………….……………...35 
Exercise testing procedures………………………………………………….…………..…...36 
 Cycle ergometry………………………………………………………………….…..36 
 Ramp incremental test………………………………………………………………..37 
 Pulmonary gas exchange and the determination of ?̇?O2peak and GET……………….37 
Validity and reliability of team sport-specific tests……………………….................38 
 Statistical analyses……………………………………………………………….…..39 
Chapter 4: Dietary nitrate improves sprint performance and cognitive function during 
prolonged intermittent exercise 
Introduction………………………………………………………………………………….42 
Methods……………………………………………………………………………………...44 
Results……………………………………………………………………………………….42 
v 
 
Discussion…………………………………………………………………………………...50 
References…………………………………………………………………………………...59 
Chapter 5: Dietary nitrate improves sprint and high-intensity intermittent running 
performance 
Introduction…………………………………………………………………………………..70 
Methods………………………………………………………………………………………72 
Results………………………………………………………………………………………..76 
Discussion……………………………………………………………………………………78 
References……………………………………………………………………………………86 
Chapter 6: Influence of dietary nitrate supplementation on physiological and muscle 
metabolic adaptations to sprint interval training 
Introduction………………………………………………………………………………....100 
Methods…………………………………………………………………………………..…103 
Results…………………………………………………………………………………..…..110 
Discussion……………………………………………………………………..……………116 
References………………………………………………………………………….…...…..125 
Chapter 7: General Discussion 
Research questions addressed………………………………………………………………142 
Summary of main findings………………………………………………………………..143 
 Short-term BR supplementation improves team-sport specific exercise performance 
………………………………………………………………………………………..…….143 
Short-term BR supplementation improves decision-making reaction time………...143 
vi 
 
 Chronic BR supplementation reduces the O2 cost of moderate-intensity exercise and 
BP, and improves incremental exercise performance................................................……...144 
Chronic BR supplementation and SIT combined enhances incremental exercise 
performance and augments muscle metabolic adaptation……………………………..…...145 
The ergogenic effect of dietary NO3-……………………………………………….....…..145 
 Sprint exercise………………………………………………………………………146 
 High-intensity intermittent exercise……………………………………………...…148 
Decision-making reaction time…………………………………………………..…152 
Adaptations to sprint interval training…………………………..………..……..…154 
Dietary NO3- increases plasma [NO2-]: implications for exercise performance……….158 
Potential therapeutic applications of dietary NO3-…..……………………………...…..161 
Experimental considerations and future directions…………………………………….162 
What is the smallest practically meaningful ergogenic effect team sport performance by 
NO3
- vs placebo? ……………………………………………………………..……….……163 
Responders vs. non-responders…………………………………………………….164 
What are the effects of NO3
- supplementation in highly trained team sport/sprint sport 
athletes?…………………………………………………………………………….……....167 
What are the effects of chronic vs. acute BR ingestion on sprint performance and sprint 
interval training adaptation?.................................................................................................168 
What are the effects of NO3
- supplement type on sprint performance and sprint interval 
training adaptation?..............................................................................................................168 
vii 
 
What are the effects of NO3
- supplementation on cerebral physiology during 
exercise?.................................................................................................................................170 
What are the effects of NO3- supplementation on muscle [NO3
-]?............................171 
Conclusion…………………………………………………………………………….……172 
References…………………………………………………………….………..…..………174 
 
 
 
 
 
 
viii 
 
List of tables 
Chapter 6: Dietary nitrate supplementation enhances exercise performance and 
physiological adaptation to sprint interval training 
Table 6.1: Physiological and performance variables pre-, mid- and post-intervention 
Chapter 7: General Discussion 
Table 7.1 The contents of total betacyanins and polyphenol compounds found in BR and PL. 
 
List of figures 
Chapter 2: Literature Review 
Figure 2.1 The NO3
--NO2
--NO pathway. 1. After ingestion, NO3
- is absorbed from the upper 
gastrointestinal tract into the systemic circulation where it mixes with endogenously generated 
NO3
-. 2. ~25% of circulating NO3
- is taken up into the enterosalivary circulation and 
concentrated up to 20-fold in saliva. Anaerobic bacteria use NO3
- as a terminal electron 
acceptor in respiratory chain thus reducing NO3
- to NO2
- . 3. When swallowed, a portion of 
NO2
- is reduced to NO in the acidic environment of the stomach. However, a portion enters the 
systemic circulation. 4. NO2
- present in the systemic circulation undergoes a single electron 
reduction to yield NO. This process is facilitated by several NO2
- reductases. For example, 
xanthine oxidase donates a single electron at the molybdenum site and is oxidised by nitrite. 
Conversely, NO may react with molecular oxygen to form NO2
- or with oxyhaemoglobin or 
superoxide to form NO3
-. 
Figure 2.2. Proposed mechanisms by which dietary NO3
- supplementation may enhance 
exercise performance in exercise settings requiring significant type II muscle fibre activation. 
ix 
 
Chapter 4: Dietary nitrate improves sprint performance and cognitive function during 
prolonged intermittent exercise 
Figure 4.1 Schematic of one ‘half’ of the intermittent sprint test. Each 40-min half was 
separated into 2-min blocks (6-s ‘all-out’ sprint, 100 s of active rest and 14 s of passive rest). 
On two occasions subjects performed 5 × 4 s sprints separated by 16 s of active rest. A 15-min 
period was given as ‘half-time’. Note that the figure is not to scale. 
Figure 4.2 Plasma [NO2
−] decreased significantly during each half in BR (closed circles) but 
not in PL (open circles) (A). In BR (closed circles) plasma [NO3
−] increased by 11 % during 
the warm-up but remained unchanged relative to baseline throughout the IST (B). In PL (open 
circles), [NO3
−] increased by 24 % during the 15-min half-time at the end of the first half and 
by 21 % during the 15-min recovery at the end of the second (b). *P < 0.05 compared to PL; 
#P < 0.05 compared to baseline. 
Figure 4.3 Total work completed (kJ) for each 6-s sprint during the first (A) and the second 
(B) half of the ICT for BR (black bars) and PL (grey bars). Error bars indicate the SE. Asterisks 
denote statistical significance between condition (P < 0.05). 
Figure 4.4 Combined cognitive task (Stroop and Decision-Reaction) performance in the 1st 
half vs. 2nd half. A Reaction time in the second half was improved in BR (black bars) relative 
to PL (grey bars) (P < 0.05). B There were no differences in accuracy of response between 
conditions. Error bars indicate the SE. Asterisks denote statistical significance between 
conditions (P < 0.05) 
 
 
x 
 
Chapter 5: Dietary nitrate improves sprint and high-intensity intermittent running 
performance 
Figure 5.1 BR elevated plasma [NO2
−] by 248% compared to baseline and 226% compared to 
PL (panel A). BR elevated plasma [NO3
−] by 710% compared to baseline and 666% compared 
to PL (panel B). *P < 0.001 compared to PL; #P < 0.001 compared to baseline. 
Figure 5.2 Sprint performance was improved in BR compared to PL. *P < 0.05. 
Figure 5.3 The distance covered in the Yo-Yo IR1 test was 3.7% greater in BR compared to 
PL. The dashed lines indicate individual responses and the solid line indicates the group mean 
(±SE). * P<0.05. 
Chapter 6: Dietary nitrate supplementation enhances exercise performance and 
physiological adaptation to sprint interval training 
Figure 6.1 Mean ± SD resting plasma [NO3
-] (panel A) and plasma [NO2
-] (panel B) responses 
in SIT+BR (solid black line), SIT+PL (solid grey line) and NT+BR (dotted black line). * = 
different from pre-intervention (P<0.05); † = different from mid-intervention (P<0.05); ‡ = 
different from SIT+PL (P<0.05). 
Figure 6.2 Mean ± SD changes (∆) in peak WR at mid- and post-intervention in the three 
groups expressed relative to pre-intervention baseline. The change in peak WR from pre- to 
post-intervention was greater in SIT+BR (solid black line) than SIT+PL (solid grey line) and 
NT+BR (dotted black line). * = different from pre-intervention (P<0.05), † = different from 
mid-intervention (P<0.05), # = different from NT+BR (P<0.05), ‡ = different from SIT+PL 
(P<0.05).  
xi 
 
Figure 6.3 Mean ± SD blood [lactate] at rest (black bars), 1 min (patterned bars), 3 min (grey 
bars) and at task failure (open bars) during severe-intensity exercise. * = different to pre-
intervention (P<0.05).  
Figure 6.4 Mean ± SD muscle [lactate] (panel A), muscle pH (panel B) and muscle [glycogen] 
(panel C) at rest (black bars), 3 min (grey bars) and at task failure (open bars) during severe-
intensity exercise. * = different to pre-intervention (P<0.05); # = different to post-intervention 
NT+BR (P<0.05); ‡ = different to post-intervention SIT+PL (P<0.05).  
Figure 6.5 Mean ± SE muscle [PCr] recovery time constant (solid black line) measured with 
31P-MRS pre-intervention (Pre) and post-intervention (Post) for SIT+BR. Individual subject 
responses are shown in grey dashed lines.  
Chapter 7: General Discussion 
Figure 7.1 Plasma [NO2
-] declined significantly between resting baseline and task failure 
during severe-intensity exercise in SIT+BR (panel A; closed circles) and NT+BR (panel B; 
closed circles). The magnitude of the decline in plasma [NO2
-] during the first (non-exhaustive) 
bout of severe-intensity exercise was greater in NT+BR compared to SIT+BR There were no 
changes in plasma [NO2
-] during severe-intensity exercise at pre-intervention (open circles). * 
different from pre-intervention (P<0.05); # different from resting baseline (P<0.05). Error bars 
indicate the SE. 
Figure 7.2. An extension of Figure 2.2: Proposed mechanisms by which dietary NO3
- 
supplementation may enhance exercise performance in exercise settings requiring significant 
type II muscle fibre activation. In light of the findings from this thesis, dietary NO3
- may have 
significant value to athletes engaging in high-intensity intermittent and sprint sports.  
xii 
 
Figure 7.3. Individual responses (Δ work done) in the first half of the IST following short-term 
BR supplementation compared to short term PL supplementation. Results from Chapter 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiii 
 
Symbols and abbreviations 
[ ]  concentration 
∆  difference/change 
31P-MRS 31Phosphorus magnetic resonance spectroscopy 
ADP  adenosine diphosphate 
AMP  adenosine monophosphate 
AMPK  AMP-activated protein kinase 
ANOVA analysis of variance 
ATP  adenosine triphosphate 
BH4  tetrahydrobiopterin 
BP  blood pressure 
BR  nitrate-rich beetroot juice 
Ca2+  calcium 
CO2  carbon dioxide 
d  Cohen’s d  
eNOS  endothelial nitric oxide synthase 
GET  gas exchange threshold 
HHb  deoxyhaemoglobin 
HR  heart rate 
xiv 
 
iNOS  inducible nitric oxide synthase 
IST  intermittent sprint test 
K+  potassium 
KNO3  potassium nitrate 
kJ  kilojoules 
L-NAME NG-nitro-L-arginine methyl ester 
MAP  mean arterial pressure 
mRNA  messenger ribonucleic acid 
NaNO3
- sodium nitrate 
nNOS  neuronal nitric oxide synthase 
NO  nitric oxide 
NO2
-  nitrite 
NO3
-  nitrate 
NOS  nitric oxide synthase 
O2  oxygen 
PaCO2  partial pressure of carbon dioxide 
PCr  phosphocreatine 
PGC-1α  peroxisome proliferator-activated receptor gamma co-activator 1-alpha 
PL  placebo 
xv 
 
P/O  oxygen cost of ATP resynthesis 
RER  respiratory exchange ratio 
ROS  reactive oxygen species 
SE  standard error 
SD  standard deviation 
TT  time trial 
V̇o2  oxygen uptake 
V̇o2max  maximal oxygen uptake 
V̇o2peak  peak oxygen uptake  
W  Watt 
 
 
 
 
 
 
 
 
 
xvi 
 
Declaration 
The material presented within this thesis is original work conducted and written by Christopher 
Thompson. The following publications and communications are a direct consequence of this 
work. 
Peer-reviewed journal articles 
Thompson C, Wylie LJ, Fulford J, Kelly J, Black MI, McDonagh STJ, Jeukendrup 
AE, Vanhatalo A, Jones AM (2015). Dietary nitrate improves sprint performance and cognitive 
function during prolonged intermittent exercise. Eur J Appl Physiol. 115:1825-1834. 
Thompson C, Vanhatalo A, Jell H, Fulford J, Carter J, Nyman L, Bailey SJ, Jones 
AM (2016). Dietary nitrate supplementation improves sprint and high-intensity intermittent 
running performance. Nitric Oxide, doi: 10.1016/j.niox.2016.10.006. 
Thompson C, Wylie LJ, Blackwell JR, Fulford J, Black MI, Kelly J, McDonagh STJ, 
Carter J, Bailey SJ, Vanhatalo A, Jones AM. Dietary nitrate supplementation enhances exercise 
performance and physiological adaptation to sprint interval training. Journal of Applied 
Physiology (2016), [in press]. 
Other publications 
Vanhatalo A, Black MI, DiMenna FJ, Blackwell JR, Schmidt JF, Thompson C, Wylie LJ, 
Mohr M, Bangsbo J, Krustrup P, Jones AM (2016). The mechanistic bases of the power-time 
relationship: muscle metabolic responses and relationships to muscle fibre type. J Physiol. 
594:4407-23. 
Muscle metabolic and neuromuscular determinants of fatigue during cycling in different 
exercise intensity domains. Black MI, Jones AM, Blackwell JR, Bailey SJ, Wylie LJ, 
xvii 
 
McDonagh STJ, Thompson C, Kelly J, Summers P, Mileva KJ, Bowtell JL, Vanhatalo A. J 
Appl Physiol (2016), [in press]. 
Conference activity 
Thompson C, Wylie LJ, Fulford J, Kelly J, Black MI, McDonagh STJ, Jeukendrup AE, 
Vanhatalo A, Jones AM (2014) [poster]. 
Dietary Nitrate Improves Cognitive Function and Exercise Performance during Prolonged 
Intermittent Sprint Cycling 
Postgraduate Research Showcase, University of Exeter, UK 
 
Thompson C, Wylie LJ, Fulford J, Kelly J, Black MI, McDonagh STJ, Jeukendrup AE, 
Vanhatalo A, Jones AM (2014) [oral]. 
Dietary Nitrate Improves Cognitive Function and Exercise Performance during Prolonged 
Intermittent Sprint Cycling 
ECSS annual conference, Amsterdam, Netherlands  
 
Thompson C, Wylie LJ, Fulford J, Kelly J, Black MI, McDonagh STJ, Jeukendrup AE, 
Vanhatalo A, Jones AM (2015) [oral]. 
Dietary Nitrate Improves Cognitive Function and Exercise Performance during Prolonged 
Intermittent Sprint Cycling 
BASES Student Conference, Liverpool, UK 
xviii 
 
Thompson C, Vanhatalo A, Blackwell J, Fulford J, Wylie LJ, Black MI, Kelly J, McDonagh 
STJ, Carter J, Bailey SJ, Jones AM (2016) [oral]. 
Dietary nitrate supplementation augments muscle metabolic adaptation to high-intensity 
interval training 
ECSS annual conference, Vienna, Austria 
 
Thompson C, Vanhatalo A, Blackwell J, Fulford J, Wylie LJ, Black MI, Kelly J, McDonagh 
STJ, Carter J, Bailey SJ, Jones AM (2016) [oral]. 
Dietary nitrate supplementation augments muscle metabolic adaptation to high-intensity 
interval training 
BASES Student Conference, Bangor, UK 
 
 
 
 
 
 
 
 
 
xix 
 
Acknowledgements 
I wish to express my gratitude to the following individuals, without whom my journey through 
academic training and early career research so far would not have been possible. 
I would first like to thank my PhD supervisors Professor Andrew Jones and Dr Anni Vanhatalo. 
I thank you for providing the opportunity for me to undertake this research pathway and for 
your continued dedication to my development. Your own productivity and commitment to the 
productivity of your research group is an inspiration and I have been very proud to be called a 
member of this fantastic team.  For me personally, you have provided the discipline, time and 
the environment for growth as an independent research scientist I am truly thankful for the 
skills I have acquired under your supervision.   
I would also like to thank PepsiCo for the funding that has enabled the completion of this work. 
With this in mind, my thanks goes to Dr James Carter, Dr Lara Nyman, Dr Asker Jeukendrup 
and others at The Gatorade Sports Science Institute. The regular contact and your 
administrative and scientific input during this project has been very helpful. 
I must give very big thanks to Dr Phil Skiba who stirred in me a passion for research and a 
drive to continue to work hard through the good and the bad. Dr Phil, thank you for your 
commitment to my education in the early days and for all the great stories you brought from 
the US. In particular, a massive thank you for that ‘very American story’ (you’ll know the one) 
you shared with me at a time when I needed a kick up the butt - I did, and will, carry on the 
fight! 
To the members of our research group, past and present, a big thank you for your support with 
the projects herein and for promoting our ‘unique’ working atmosphere which gives way to 
personal and collective achievement. In particular, my gratitude goes out to Dr Stephen Bailey 
xx 
 
and Dr Lee Wylie for your assistance and encouragement throughout. I am amazed that, as 
busy as you both are, you are always willing to do what is necessary to assist those in need. 
This is something that our research team has benefitted greatly from, and something that I hope 
to emulate in my career ahead. And to Dr Matt Black, Dr James Kelly, Dr Daryl Wilkerson, 
Sinead McDonagh and Paul Morgan, thank you for your contributions to various aspects of my 
work and to the great team atmosphere.  
I must acknowledge the contributions of Jamie Blackwell and Dr Jon Fulford. Thanks to Jamie 
for contributing to the development of my skills in the lab and for your time with important 
analytical procedures within each project. Jon, thank you for your assistance with the collection 
and analysis of magnetic resonance spectroscopy and cognitive function data during these 
projects. Thanks also to Professor Paul Winyard for his continued permission to use the NO 
analyser in his laboratory.  
Lastly, I would like to thank my family for supporting my journey through undergraduate, 
masters and PhD study.  
 
 
 
 
 
 
 
 
 
1 
 
Chapter 1: Introduction 
The use of dietary nitrate (NO3
-) supplementation as an ergogenic aid has recently received 
much attention. The surge of scientific investigation into the physiological effects of dietary 
NO3
- in sport and exercise has resulted in an evidence base that has increased the popularity of 
NO3
- as a sports food to promote athletic competition. The preliminary finding that NO3
- 
supplementation reduces the oxygen (O2) cost of exercise (Larsen et al. 2007) has since been 
replicated in a number of exercise modalities (Cermak et al. 2012a; Lansley et al. 2011b; Bailey 
et al. 2010; Muggeridge et al 2013). This effect of NO3
- supplementation on the physiological 
response to exercise has notable implications for exercise performance i.e. any improvement 
in muscle efficiency would theoretically enable a higher power output for the same energetic 
cost. Therefore, over recent years, there has been an expanse in the development and use of 
gels, salts and beverages as dietary vehicles for NO3
- administration in order to capture the 
potential ergogenic properties of dietary NO3
- in a range of competitive settings. Of these, NO3
-
-rich beetroot juice in particular has become widely available and has been used to administer 
known concentrations of NO3
- in the majority of studies demonstrating favourable effects of 
NO3
- supplementation. As a result, the Australian Institute of Sport Sports Supplements panel 
have recently elevated beetroot juice, from Group B (supplements and foods deserving of 
further research) to Group A (supplements and foods supported for use in specific situations in 
sport using evidence-based protocols) on the ABCD Classification System of supplements and 
sports foods.   
The reported physiological effects of NO3
- supplementation, which also include a reduction in 
resting blood pressure (Webb et al. 2008) and improved tolerance to exercise (Bailey et al. 
2009), are thought to be the result of increased nitric oxide bioavailability. Emerging evidence 
suggests that dietary NO3
- may be more beneficial to athletes competing in activities that 
preferentially recruit type II muscle fibres, such as the intermittent sprint bouts characteristic 
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of team sport match-play. The purpose of this thesis is to explore the potential ergogenic 
applications of NO3
--rich beetroot juice to key aspects of team sport preparation and 
competition including high-intensity intermittent exercise, all-out sprint exercise, sprint-
interval training and decision-making during exercise.  
 
 
 
 
 
 
 
 
 
 
 
Chapter 2: Literature Review 3 
 
Chapter 2: Literature Review 
The Nobel Prize winning discovery of the endothelium-derived relaxing factor or nitric oxide 
(NO) has led to a paradigm shift in physiology, pharmacology and medicine research. The 
significance of this free radical in mammalian physiology was progressively unveiled in the 
1990s by investigations demonstrating the cell signalling capabilities of NO. For example, by 
competing with O2 at cytochrome c oxidase, NO is known to modulate mitochondrial 
respiration (Brown and Cooper. 1994; Cleeter et al. 1994). NO is now known to mediate a wide 
range of physiological processes including vascular tone (McHugh and Cheek, 1998), synaptic 
transmission (Garthwaite, 2008), glucose uptake, (Merry et al, 2010), mitochondrial respiration 
(Brown and Cooper, 1994) and skeletal muscle fatigue (Percival et al. 2010). The sensitivity 
of NO to the metabolic environment of tissue enables NO to act out its role as a metabolic 
sensor and initiate cell signalling cascades in order to preserve homeostasis.   
Endogenous nitric oxide generation 
It was long assumed that NO was solely generated by a family of nitric oxide synthases (NOS). 
Three isoforms have been identified: neuronal (nNOS, NOS 1), inducible (iNOS, NOS 2) and 
endothelial (eNOS, NOS 3; Villanueva and Giulivi 2010). All subtypes catalyse the complex 
oxidation of L-arginine and require the presence of O2 and a number of cofactors including 
calcium (Ca2+)-calmodulin, haem, flavin adenine dinucleotide (FAD), tetrahydrobiopterin 
(BH4) and nicotinamide adenine dinucleotide phosphate (NADPH) to complete NO production 
(Alderton et al. 2001). A reduced bioavailability of any one of these essential cofactors 
compromises the endogenous generation of NO. For example, a lack of cofactor BH4 results in 
the generation of superoxide by NOS instead of NO (Xia et al. 1996). The complete reaction 
is therefore sensitive to the physiological environment, and is less effective at physiological 
extremes such as hypoxia and acidosis (Griffith and Stuehr, 1995). Accordingly, it is now 
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known that impaired endogenous NO generation is implicit in cardiovascular (Förstermann, 
2010) and metabolic (Wu and Meininger, 2009) disease states and is associated with poor 
exercise tolerance (Lauer et al. 2008). 
The products of NO oxidation, nitrate (NO3
-) and nitrite (NO2
-), were previously believed to 
be biologically inert (Moncada and Higgs, 1993). However, a nitrate-nitrite-NO pathway has 
been identified in which NO3
- and NO2
- are reduced in vivo to form NO (Spiegelhalder et al. 
1976). This pathway supplements the NO produced by the NOS enzymes and is potentiated in 
low PO2/pH environments (Lundberg et al. 2004), ensuring that NO is produced across a range 
of O2 concentrations (Lundberg et al. 2008).  
Nitrate-Nitrite-NO pathway 
In addition to the endogenous generation of NO3
- and NO2
-, these inorganic anions can also be 
obtained exogenously through diet. Indeed, ingested inorganic dietary NO3
- provides 2-2.5 
times more NO3
- than that produced endogenously (Granli et al. 1989). Green leafy vegetables 
such as spinach, rocket, kale and lettuce have especially high concentrations of NO3
- stored in 
their leaves (Hord et al. 2009) and some vegetables, such as beetroot, store NO3
- in their 
swollen roots in very high concentrations (Gilchrist et al. 2010).  Once ingested, dietary NO3
- 
is absorbed in the gastrointestinal tract and it meets endogenously generated NO3
- in the blood 
stream. Although most is taken up by tissues or excreted via the kidneys, ~25% of the oral 
NO3
- load is absorbed by salivary glands and concentrated in the saliva (Spiegelhalder et al. 
1976). The enterosalivary circulatory system deposits a proportion of this salivary NO3
- to the 
oral cavity where facultative anaerobic bacteria on the dorsal surface of the tongue use NO3
- as 
a terminal electron acceptor in the respiratory chain and, in turn,  generate NO2
- (Duncan et al. 
1995; Lundberg et al. 2004). The swallowed NO2
- is either reduced to NO and other bioactive 
nitrogen oxides in the acidic gastric environment or absorbed in the lower gastrointestinal tract 
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where it reaches the systemic circulation (Duncan et al 1995). Peak plasma [NO3
-] ([] denotes 
concentration) and [NO2
-] can be observed 1-2 h and 2-3 h following a NO3
- bolus, respectively 
(Webb et al. 2008; Wylie et al. 2013b). The presence of commensal bacteria has been shown 
to be paramount to this response, as decreasing bacterial NO3
- reductases using antimicrobial 
mouthwash attenuates plasma [NO2
-] (Govoni et al. 2008) and blunts the physiological effects 
of NO3
- supplementation (McDonagh et al. 2015). Finally, NO2
- may undergo an O2-
independent, one-electron reduction to bioactive NO by a number of NO2
- reductases including 
deoxyhaemoglobin (Cosby et al. 2003; Dejam et al. 2005), xanthine oxidase (Li et al. 2008) 
and aldehyde oxidase (Li et al. 2009). Interestingly, hypoxia and acidosis facilitate the NO3
--
NO2
--NO pathway (van Faassen et al. 2009). O2 tension and pH decline in contracting skeletal 
muscles (Richardson et al. 1999) and therefore the physiological environment associated with 
contracting myocytes may facilitate NO2
- reduction to provide an important source of NO 
during exercise when the activity of the NOS-dependent pathway is reduced. Indeed, Ferguson 
et al. (2016) have recently demonstrated that in the face of NOS blockade, NO2
- infusion 
improved indicators of NO mediated processes such as vascular conductance, mean arterial 
pressure and blood flow during exercise. Since low microvascular PO2 and cellular acidosis 
are characteristic of working muscle, the provision of NO2
- through NO3
- supplementation 
offers a novel way of preserving the rate of NO-mediated processes during intense exercise.  
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Figure 2.1. The NO3
--NO2
--NO pathway. 1. After ingestion, NO3
- is absorbed from the upper 
gastrointestinal tract into the systemic circulation where it mixes with endogenously generated 
NO3
-. 2. ~25% of circulating NO3
- is taken up into the enterosalivary circulation and 
concentrated up to 20-fold in saliva. Anaerobic bacteria use NO3
- as a terminal electron 
acceptor in respiratory chain thus reducing NO3
- to NO2
- . 3. When swallowed, a portion of 
NO2
- is reduced to NO in the acidic environment of the stomach. However, a portion enters the 
systemic circulation. 4. NO2
- present in the systemic circulation undergoes a single electron 
reduction to yield NO. This process is facilitated by several NO2
- reductases. For example, 
xanthine oxidase donates a single electron at the molybdenum site and is oxidised by nitrite. 
Conversely, NO may react with molecular O2 to form NO2
- or with oxyhaemoglobin or 
superoxide to form NO3
-. 
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Dietary NO3- intake 
The ingestion of NO3
- has conventionally been considered detrimental to human health with 
reported associations between dietary NO3
- and methemoglobinemia, nitrosamine production 
and cancer development (Beresford et al. 1985; Forman et al. 1985; McKnight et al. 1999). 
Currently, the Scientific Committee for Food have set an acceptable daily intake (ADI) limit 
of 3.7 mg∙kg-1 body mass for NO3- (European Commission, 1992; 1997) which amounts to a 
daily limit of 4.7 mmol NO3
- for a 80 kg human. However, given that the ingestion of vegetables 
is advocated in several countries through dietary initiatives such as the Dietary Approaches to 
Stop Hypertension (DASH) diet (Sacks et al. 1995), the potential for exceeding the ADI for 
NO3
- is significant.  
NO3
- itself is not toxic due to a limited rate of conversion to NO2
- and thus commercially 
available NO3
--rich food products such as beetroot juice which contain high concentrations of 
antioxidants and polyphenols (Shepherd et at. 2015), are not considered harmful for health. It 
should also be noted that whilst nitrosamines can form endogenously in an acid- or bacterial-
catalysed reaction of a nitrosating agent (a source of the nitrosonium ion such as nitrite) with a 
corresponding amine (Kobayashi et al. 2015; Wang et al. 2002), the high antioxidant content 
of NO3
--rich vegetables may inhibit the formation of N-nitroso compounds (Mirvish et al. 1998; 
Wooton-Beard and Ryan. 2012). Importantly, instead of the traditional interpretation of NO3 
intake as harmful, there is increasing evidence to suggest that increasing dietary NO3
- 
consumption might confer therapeutic effects such as cardioprotection (Webb et al. 2008; 
Ashworth et al. 2015) as well as elicit favourable physiological responses to exercise (Larsen 
et al. 2007; Bailey et al. 2009; Vanhatalo et al. 2010; Wylie et al. 2013b). 
Growing interest in NO3
- as a dietary intervention has stemmed from the original finding that 
augmenting NO bioavailability via increased dietary NO3
- can favourably alter the 
physiological response to submaximal exercise (Larsen et al. 2007). Several lines of research 
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have since revealed that many physiological processes including muscle O2 delivery, 
mitochondrial O2 utilisation and also muscle contractility, can be modulated by NO3
- 
supplementation. This has resulted in an increase in research exploring the potential for NO3
- 
supplementation to augment performance in a number of exercise settings. The remainder of 
this review will summarise key findings relating to the physiological and performance effects 
observed following NO3
- supplementation. 
Dietary NO3- supplementation and exercise economy 
Larsen et al. (2007) first demonstrated a positive effect upon the physiological response to 
exercise following dietary NO3
- supplementation. Nine well trained subjects followed a three 
day supplementation regimen of sodium nitrate (NaNO3
-; 0.1 mmol/kgBM/day) before 
completing an incremental cycle ergometer test to exhaustion. NO3
- supplementation 
significantly increased resting plasma [NO2
-] by 82% and significantly reduced pulmonary O2 
uptake (V̇o2; by ~5%) over the first four submaximal stages (40-85% of maximal O2 uptake; 
V̇o2max) of the test. Such changes, in the absence of detectable differences in blood [lactate], 
ventilation (V̇E) and respiratory exchange ratio (RER) suggested an unprecedented effect on 
oxidative metabolic efficiency at the level of the working muscle rather than changes in the 
oxygen cost of cardiopulmonary processes, substrate utilization or a compensatory increase in 
non-oxidative energy supply. These findings had clear implications for exercise performance 
because any improvement in muscle efficiency would translate into increased power output for 
a given O2 cost (Jones, 2014). 
Bailey et al. (2009) sought to investigate the effects of increasing dietary NO3
- intake using a 
natural NO3
--rich dietary source upon the physiological responses to constant-work-rate 
(CWR) exercise. Similar to Larsen et al. (2007) resting plasma [NO2
-] was increased (by 95%) 
and steady state V̇o2 during moderate intensity exercise reduced by 5% following 4-6 days of 
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supplementation with 500 ml beetroot juice (BR) containing ~ 5.5 mmol of NO3
-. These 
findings occurred without changes in cardio-pulmonary processes, such as HR and V̇E during 
exercise. In addition NO3
- supplementation delayed the attainment of peak V̇O2 and 
significantly increased time to exhaustion during severe intensity exercise (Bailey et al. 2009). 
Taken together, these initial findings suggested that supplementation in the form of BR or NO3
- 
salt for 3-6 days increases plasma [NO2
-] and invoke significant improvements in submaximal 
exercise economy and exercise tolerance in moderately-trained participants.  
A reduction in the O2 cost of exercise following NO3
- supplementation has since been 
replicated during several other exercise modalities including treadmill walking and running 
(Lansley et al. 2011b), double-legged knee-extensor exercise (Bailey et al. 2010), cycling 
(Vanhatalo et al. 2010; Cermak et al. 2012a; Whitfield et al. 2016; Wylie et al. 2016) and 
kayaking (Muggeridge et al. 2013) following supplementation regimens of up to 6 days. 
Others, however, have shown no significant effect on the O2 cost of exercise despite using 
similar supplementation regimes (Breese et al. 2013; Kelly et al. 2014; Christensen et al. 2013). 
Vanhatalo et al. (2010) investigated whether similar findings could be observed between short 
and more protracted supplementation periods in individuals who were asked not to alter their 
habitual intake of NO3
--rich foodstuffs. This study demonstrated that similar reductions (~4%) 
in steady state V̇o2 were apparent just 2.5 hours following an acute bolus of NO3--rich beetroot 
juice (~5.2 mmol NO3
-), an effect which was preserved after 5 and 15 days of supplementation 
with 5.2 mmol/d. These findings demonstrated that in terms of the V̇O2 response, neither 
tolerance to the supplement nor greater improvements occurred as a result of prolonged 
supplementation. However, significant increases in peak power output during ramp 
incremental exercise and power output at the gas exchange threshold (GET) were only 
observed following 15 days of BR supplementation (Vanhatalo et al. 2010).  
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The timing and dose of NO3
- supplementation is likely to be a key determinant of the 
physiological and performance effects observed. Wylie et al. (2013b) showed a dose-dependent 
rise in plasma [NO2
-] that peaks 2-4 hours after ingestion and a dose-dependent reduction in 
the O2 cost of moderate-intensity exercise such that 4.2 mmol did not significantly reduce V̇o2, 
but 8.4 mmol and 16.8 mmol reduced V̇o2 by 2% (non-significant) and 3% (significant), 
respectively. Moreover, the magnitude (3%) of reduction in V̇o2 observed during moderate-
intensity exercise has been shown to be similar at 2 hr following ingestion and after 7 days and 
28-30 days supplementation of a 6 mmol but not a 3 mmol NO3
- dose (Wylie et al. 2016). 
It is possible that the efficacy of NO3
- supplementation is sensitive to other factors such as the 
age, health and training status of the subjects as well as the dose and duration of 
supplementation. However, considered together, the above studies exploring the dosage and 
duration of NO3
- supplementation suggest that a reduced V̇O2 is possible following acute doses 
of at least 5.2 mmol NO3
- when measured 2.5 hours after administration to coincide with the 
peak plasma [NO2
-] response (Bailey et al. 2010; Vanhatalo et al. 2010; Cermak et al. 2012a; 
Wylie et al. 2013b). Additionally, a greater reduction in the O2 cost of exercise may be 
anticipated following higher NO3
- doses administered acutely while chronic exposure to the 
same dose per day elicits the same magnitude of response, at least up to 28-30 days 
supplementation (Wylie et al. 2016).   
Mechanisms for improved exercise economy following dietary NO3- supplementation 
The mechanistic basis for reductions in the O2 cost of exercise as a result of NO3
- 
supplementation may be related to a reduced adenosine triphosphate (ATP) cost of muscle 
force production (Bailey et al. 2010) and/or a reduced O2 cost of mitochondrial ATP resynthesis 
(Larsen et al. 2011). Using 31P magnetic resonance spectroscopy (31P-MRS), Bailey et al. 
(2010) demonstrated that a reduction in whole-body O2 cost of low- and high-intensity knee-
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extensor exercise following 4-6 days NO3
- supplementation was a result of reduced total ATP 
turnover. This was attributed to a reduction in ATP derived from oxidative phosphorylation 
and phosphocreatine (PCr) hydrolysis. These data suggest that a reduced ATP cost of muscle 
force production is possible following NO3
- supplementation. The reduction in the steady state 
amplitude of muscle [PCr] degradation and inorganic phosphate (Pi) and adenosine 
diphosphate (ADP) accumulation observed represents a reduced stimulus for driving oxidative 
phosphorylation (Bose et al. 2003; Brown 1992) and may be detectable at the whole body level 
in a lower V̇O2 during submaximal exercise (Bailey et al. 2010). 
The results of Bailey et al. (2010) were the first to indicate that the effects of NO3
- 
supplementation on muscle performance may be explained by extra-mitochondrial 
mechanisms. Since sarcoplasmic reticulum (SR) Ca2+ ATPase (SERCA) is necessary for 
muscle excitation-contraction coupling (Møller et al. 2010) and a principal location for ATP 
demand during exercise (Barclay et al. 2007), the authors suggested that the observed change 
in skeletal muscle energetics may be the result of the NO-mediated changes at this extra-
mitochondrial site.  
Supporting evidence for this comes from Hernández et al. (2012) who reported increased 
contractile force at low stimulation frequencies in concert with increased expression of the SR 
Ca2+ handling proteins, calsequestrin and dihydropyridine, in the skeletal muscle of NaNO3
--
supplemented mice. Interestingly, the changes in protein expression afforded by NO3
- 
supplementation occurred in the muscle that was predominantly type II (fast twitch; m. 
extensor digitorim longus, EDL) and not type I (slow twitch; m. soleus). In addition, isolated 
type II muscle fibres (harvested from the m. flexor digitorum brevis) exhibited greater cytosolic 
tetanic [Ca2+] and faster rates of force development at 100 Hz stimulation frequencies. These 
findings indicate that NO3
- supplementation may improve contractile efficiency by enhancing 
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the expression of SR Ca2+ handling proteins, and thus improving Ca2+ handling in type II but 
not type I skeletal muscle.  
The reduction in V̇O2 observed during sub-maximal exercise intensities may also be related to 
a reduced O2 cost of mitochondrial ATP resynthesis. Larsen et al. (2011) demonstrated 
improved oxidative phosphorylation efficiency (P/O ratio; denoting ATP production per O2 
atom reduced by the respiratory chain (Hinkle et al. 2005)) in the mitochondria harvested from 
14 healthy human subjects following 3 days NO3
- supplementation. The improved P/O ratio in 
vitro was correlated to the reduction observed in the in vivo O2 cost of steady state exercise. 
The improved efficiency at the whole body level was found in concert with a 48% reduction in 
stage 4 respiration (indicates O2 consumption in the absence of ADP in vitro only), a 45% 
reduction in back leakage of protons through the inner membrane, a reduced expression of 
ATP/ADP translocase (or adenine nucleotide translocator; ANT) and a trend for reduced 
uncoupling protein 3 expression (UCP3; Larsen et al. 2011). Together, these findings indicate 
that P/O ratio was increased via reducing proton leakage and uncoupled respiration suggesting 
that NO3
- supplementation may have a profound effect upon the mechanics of mitochondrial 
function thus improving the efficiency of ATP resynthesis.  
Although the effects of dietary NO3
- on skeletal muscle mitochondrial efficiency have not been 
directly demonstrated to be NO-mediated, NO may regulate mitochondrial physiology by 
binding, in a reversible and O2-competitive manner, to the haem of cytochrome c oxidase 
(Cleeter et al. 1994; Brown and Cooper. 1994). NO has also been shown to decrease membrane 
potential but increase ATP synthesis at a given rate of O2 consumption by preserving the 
efficiency of proton pumping (Clerc et al. 2007). Whilst the reported effects of dietary NO3
- on 
mitochondrial and submaximal exercise efficiency have been shown to coincide with a 
markedly higher plasma [NO2
-] (Larsen et al. 2011), the reductase activity required to reduce 
NO2
- to NO requires low PO2 and pH (Lundberg et al. 2004); conditions that may not manifest 
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in healthy working skeletal muscle during submaximal exercise but rather develop during 
exercise of higher intensities. Nonetheless, in the absence of greater NO2
--reductase activity, 
NO2
- itself may exert NO-like signalling capabilities independent of NO to regulate tissue 
protein expression and activity (Bryan et al. 2005). Indeed, NO2
- has been shown to activate 
AMPK in rat aortic smooth muscle cells (Mo et al. 2012). AMPK activation is known to 
stimulate peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1α), a 
key regulator of mitochondrial biogenesis (Winder et al. 2000). In addition to greater numbers 
of mitochondria, NO2
- -treated cells exhibit increased P/O ratio (Mo et al. 2012). 
Increased P/O ratio may partly explain a lower muscular demand for O2 during exercise. 
However the time course of such an adaptation with NO3
- supplementation remains unclear. 
For example, it is unlikely that changes in mitochondrial protein expression occur rapidly 
enough to explain the reductions in V̇O2 following acute NO3- supplementation (Larsen et al. 
2010; Vanhatalo et al. 2010; Jones 2014). Indeed Larsen et al. (2011) have reported no 
improvement in P/O ratio in human skeletal muscle mitochondria after acute exposure to NO2
-
. The same research group have more recently reported no change in O2 consumption in vivo 
and no changes in the efficiency of mitochondria isolated from the soleus muscle of mice 
exposed to NO3
- supplementation for 20 weeks (Hezel et al. 2015). In addition, the findings 
from Larsen et al. (2011) in humans have been challenged by research demonstrating that the 
reduction in steady state V̇O2 following 7 days NO3- supplementation occurs independently of 
changes in ANT and UCP expression and P/O ratio in the skeletal muscle mitochondria in vitro 
(Whitfield et al. 2016). Although no changes in mitochondrial coupling or respiratory 
efficiency were evident, Whitfield et al. (2016) reported an increased capacity for in vitro 
mitochondrial hydrogen peroxide (H2O2) emission and speculated that ROS-induced signalling 
may be responsible for the effects of NO3
- supplementation observed at the whole body level. 
Whilst a direct link between increased H2O2 emission and the reduction in steady state V̇O2 is 
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unclear, H2O2 can activate a variety of signalling pathways (Veal et al. 2007). For example, 24 
h of exogenous H2O2 exposure increases PGC-1α activity in muscle cells (Irrcher et al. 2009). 
However, given that there was no correlation between the whole body V̇O2 and H2O2 emission 
(Whitfield et al. 2016), it is unclear whether the elevated ROS-induced signalling observed in 
vitro would translate into a reduction in steady state V̇O2 in vivo. Differences in 
supplementation regimens may be a key determinant of the conflicting results, however, it is 
also possible that in some individuals, the reductions in V̇O2 reported may be better explained 
by a reduction in the ATP cost of force production, as previously shown (Bailey et al. 2010).  
Taken together, there appears to be some disparity between findings from in vivo and in vitro 
data and there remains the possibility that both a reduction in the ATP cost of muscle force 
production and a reduction in O2 cost of mitochondrial ATP resynthesis contribute to the 
reported physiological effects observed following dietary NO3
- supplementation. However, 
further research is required to establish the relative contribution of both possible mechanisms 
to the reduced O2 cost of submaximal exercise often reported following NO3
- supplementation. 
Dietary NO3- supplementation and exercise performance 
It is important to note that the CWR and incremental tests used in the earlier NO3
- 
supplementation research do not reflect the demands of exercise performed by the range of 
athletes who are most likely to use ergogenic aids to optimise competitive performance. Such 
tests do not reveal the possible performance effect of NO3
- supplementation in situations where 
performance is determined by the ability to maximise speed over a given distance or repeat 
high-intensity bouts with intervals of variable recovery (i.e. team-sports). Furthermore, it must 
be understood that any intervention which extends time to exhaustion at a CWR has a reduced 
margin of improvement within a competitive setting such as a time trial (TT; Hopkins et al. 
1999). For example, an intervention that increases an athlete’s sustainable power and/or 
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sustainable speed by 1% typically increases time to exhaustion in a CWR test by 10-20% 
(Hopkins et al. 1999). Therefore NO3
- supplementation might be expected to yield smaller, 
though practically meaningful, improvements to performance in such settings. 
A reduction in V̇o2 for a given power output following NO3- supplementation provides a clear 
basis for improved athletic performance during any exercise requiring a significant contribution 
of oxidative metabolism to energy turnover. This assertion may be of particular value in 
endurance events, such as running or cycling, in which a greater speed for the same V̇o2 would 
permit reduced time to complete a set distance (Jones, 2014). Based on this premise, Lansley 
et al. (2011a) investigated the effect of dietary NO3
- supplementation on TT performance in 
club-level male cyclists. Consistent with the experimental hypothesis, acute NO3
- consumption 
of 0.5 l beetroot juice (6.2 mmol NO3
-) 2.5 hours prior to experimental testing resulted in a 
136% increase in plasma [NO2
-] and improved 4 and 16.1 km TT performance by 2.8% and 
2.7%, respectively (Lansley et al. 2011a). These findings support the notion that plasma [NO2
-
] is an important correlate of exercise performance in healthy (Dreißigacker et al. 2010; Rassaf 
et al. 2007) and trained subjects (Lansley et al. 2011a; Wilkerson et al. 2012) and have since 
been replicated following 6 days of NO3
- supplementation in trained cyclists completing a 10 
km cycling TT (Cermak et al. 2012a) and trained rowers completing 6 x 500 m maximal rowing 
bouts (Bond et al. 2012). However, Cermak et al. (2012b) found no effect of acute BR 
supplementation on 1 hour cycle TT performance in trained cyclists, Peacock et al. (2012) 
reported no effect of acute potassium NO3 (KNO3) supplementation on 5 km running TT 
performance in elite cross-country skiers and similarly, Sandbakk et al. (2015) found no effect 
of combined L-arginine and potassium NO3 (KNO3) supplementation 5 km running TT 
performance in elite cross-country skiers. Furthermore, Wilkerson et al (2012) reported no 
improvement in 50 mile cycle TT performance (0.8%, non-significant) following acute 
supplementation, yet a significant negative correlation was observed between change in plasma 
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[NO2
-] and performance. This indicates that NO3
- supplementation may only be beneficial to 
trained endurance athletes who experience an appreciable elevation in plasma [NO2
-]. The 
relationship between sustainable power/speed and endurance time (Hopkins et al. 1999) may 
explain the disparate findings between the earlier NO3
- supplementation research studies 
employing CWR protocols and the subsequent findings in studies using TT protocols. Indeed, 
a recent meta-analysis conducted on the effect of dietary NO3
- on endurance exercise 
performance identifies a small to moderate statistically significant effect in favour of dietary 
NO3
- in CWR protocols (n = 22) but a trivial non-significant effect in favour of dietary NO3
- in 
TT performance protocols (n = 28; McMahon et al. 2017).  
Some research now suggests that plasma [NO2
-] may be substantially reduced during the early 
phase of high-intensity exercise (Wylie et al. 2013a) thus reducing the possible benefits of NO3
- 
supplementation during the long-duration events that well-trained athletes are generally 
accustomed to. Whether ingesting additional doses during exercise can result in performance 
benefits in the later stages of long-duration events is yet to be explored. It is also possible that, 
given the relatively high plasma [NO2
-] values present in trained individuals (Poveda et al. 
1997), the ergogenic potential for NO3
- supplementation in highly trained athletes may be 
reduced. Moreover, the reduction of [NO2
-] to NO during exercise may be attenuated in highly 
trained musculature in which increased capillarisation (Cocks et al. 2015) may preserve muscle 
oxygenation to a greater extent. Finally, given the recently reported targeted effects of NO3
- 
supplementation on type II muscle, the effectiveness of NO3
- supplementation may be 
dampened in skeletal muscle exposed to the physiological remodelling (from fast (type II) 
glycolytic to slower (type I), more oxidative fibre phenotype) that typically occurs during 
chronic endurance training.  
The Henneman size principle suggests a hierarchical recruitment of skeletal muscle fibres 
during exercise in accordance with muscle force production (Henneman et al 1965). Therefore, 
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in order to sustain exercise of high-intensities, an increasing recruitment of type II muscle fibres 
is required to sustain the high force requirements. With emerging evidence that NO3
- 
supplementation may enhance the physiological responses to exercise in type II muscle, and 
given the preferential recruitment of type II muscle fibres during high-intensity intermittent 
exercise (Krustrup et al. 2006; Henneman et al 1965) such as repeated sprint-recovery cycles 
characteristic of team sport (Spencer et al. 2004; 2005), the ergogenic potential of NO3
- 
supplementation might be accentuated in high-intensity intermittent exercise. A few studies 
have investigated the effect of BR supplementation on intermittent sprint exercise. In trained 
populations, some studies have demonstrated no effect of an acute, low dose (~ 5 mmol NO3
-) 
regimen on the capacity to perform repeated 8-10 s sprints in cycling (Martin et al. 2014) and 
kayaking (Muggeridge et al. 2013) and no effect of 6 days BR supplementation (~ 5.5 mmol 
NO3
- per day) on the capacity to perform repeated 20 s cycling sprints (Christensen et al. 2013). 
However, 6 days BR supplementation has been reported to improve high-intensity intermittent 
exercise over the final 3 bouts of 6 maximal 500 m rowing ergometer repetitions in trained 
rowers (Bond et al. 2012). A very high dose of 29 mmol NO3
- administered over 36 hours also 
improved exercise performance in recreationally-active team sport athletes during the Yo-Yo 
intermittent recovery test level 1 (Yo-Yo IR1; Wylie et al. 2013a), a well-established and 
ecologically valid test widely used to mimic the high-intensity running bouts of football match-
play (Bangsbo et al. 2008). These contrasting findings highlight the importance of factors such 
as dosing regimen, exercise modality and protocol, and training status of participants in 
determining the effectiveness of NO3
- supplementation. Based on the preliminary evidence, 
NO3
- supplementation appears to be ergogenic in high-intensity intermittent exercise for 
recreationally-active team sport athletes given a large acute NO3
- dose and may be ergogenic 
given sufficient chronic exposure (>6 days) to ~5 mmol NO3
-/day.  
Chapter 2: Literature Review 18 
 
The efficacy of NO3
- supplementation to improve repeated sprint ability in exercise protocols 
that imitate the pattern, as well as the typical duration, of team sports requires further 
investigation.  
Mechanisms for improved exercise performance following dietary NO3- supplementation 
The mechanistic basis for the improved exercise tolerance/performance reported following 
NO3
- supplementation has received attention in several studies and there are a number of 
possible mechanistic explanations for the reported ergogenic effects. This is perhaps 
unsurprising given the wide range of physiological processes governed by NO (McHugh and 
Cheek, 1998; Garthwaite, 2008; Brown and Cooper, 1994; Percival et al. 2010). Given that the 
depletion of muscle [PCr] and the accumulation of [ADP] and [Pi] limit high-intensity muscle 
performance (Jones et al. 2008), the attenuated metabolic perturbation following NO3
- 
supplementation (Bailey et al. 2010; Vanhatalo et al. 2011), likely explain the ability of the 
working muscle to tolerate high-intensity exercise for longer before a “critical limit” of 
metabolic perturbation is attained (Black et al. 2017).  Indeed, Bailey et al. (2010) reported that 
following 4-6 days NO3
- supplementation, tolerance to high-intensity exercise was extended 
and tended to be correlated with the sparing of [PCr] over the first 360 s of exercise. The sparing 
of [PCr] during exercise indicated that NO3
- supplementation may alter the ATP cost of muscle 
force production during high-intensity exercise. Together with the aforementioned increase in 
the 1) expression of SR Ca2+ handling proteins; 2) cytosolic tetanic [Ca2+]; and 3) the rate of 
force development at the same stimulation frequency in the type II muscle of NO3
--
supplemented rats (Hernández et al. 2012), and since perturbations to Ca2+ handling is a 
determinant of skeletal muscle fatigue (Allen et al. 2008), these findings offer a mechanistic 
explanation for the improved fatigue resistance reported following NO3
- supplementation.  
Chapter 2: Literature Review 19 
 
It is important to note here that the favorable alterations in protein expression reported by 
Hernández et al. (2012) were only present in type II muscle following 7 days of NO3
- 
supplementation. The authors reported that acute/shorter supplementation periods would be 
insufficient to induce changes in protein expression (Hernández et al. 2012). Therefore, 
alterations in muscle contractility via increased SR Ca2+ handling protein expression may not 
explain the improvements in exercise tolerance observed following acute supplementation.  
In addition to these intracellular effects, Ferguson et al. (2013) demonstrated a reduction in 
exercising blood [lactate] and a 38% increase in hindlimb skeletal muscle blood flow during 
exercise after 5 days NO3
--rich beetroot juice supplementation in a murine model. Importantly, 
the greater blood flow was preferentially distributed towards muscle containing predominantly 
type II fibres. In a subsequent study, Ferguson et al. (2015) observed an increased O2 
delivery/O2 utilization ratio during electrically stimulated contractions in the type II 
predominant (gastrocnemius) but not type I predominant (soleus) skeletal muscle of NO3
- 
supplemented rats. Furthermore, direct NO2
- infusion onto rat spinotrapezius muscle enhanced 
the microvascular O2 driving pressure at the onset of electrically-induced muscle contractions 
(Colburn et al. 2016). Together, these findings indicate improved blood flow distribution 
towards type II muscle and elevated driving pressure for capillary-myocyte O2 flux following 
NO3
- and NO2
- treatments, thereby providing potential mechanisms by which NO3
--rich 
beetroot juice supplementation may preserve metabolic control and enhance high-intensity 
exercise performance.  
In light of these observations from murine models, Bailey et al. (2015) sought to assess the 
relative effects of NO3
- supplementation on muscle oxygenation and exercise tolerance at high 
pedal cadences (115 rpm), where the proportional contribution of type II fibres to muscle force 
production is greater (Beelen and Sargeant 1993), compared to low cadences (35 rpm). During 
severe-intensity exercise, exercise tolerance was extended and muscle oxygenation was 
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increased by NO3
- supplementation compared to placebo supplementation at 115 rpm but not 
at 35 rpm. These findings extend those of Ferguson et al. (2013; 2015) by indicating that NO3
- 
supplementation may improve muscle microvascular PO2 in contracting human muscle and 
may result in greater tolerance to severe-intensity exercise.  
Using whole body exercise, Breese et al. (2013) provided further support of the targeted effect 
of dietary NO3
- on human type II muscle function. The authors assessed the effect of 4-6 days 
NO3
- supplementation on muscle oxygenation and exercise tolerance during cycling work rates 
from a low-intensity to a moderate-intensity and a subsequent increment to a severe-intensity 
work rate. According to the Henneman size principle, a transition from low-to-moderate-
intensity exercise would require the recruitment of type I muscle fibres (lower in the 
recruitment hierarchy) to meet the demands of the lower force requirements, while a transition 
from moderate-to-severe-intensity exercise would mandate the increasing recruitment of type 
II muscle fibres (higher in the recruitment hierarchy; Henneman et al 1965; Krustrup et al. 
2004). Compared to placebo, NO3
- supplementation increased exercise tolerance by 22% 
during the severe-intensity exercise bout and speeded the muscle [deoxyhemoglobin] kinetics 
(HHb; reflective of O2 utilisation) in the moderate-to-severe-intensity increment but not in the 
low-to-moderate-intensity increment.  
Haider and Folland (2014) demonstrated enhanced electrically-evoked explosive force and 
peak force production at low frequencies of stimulation in untrained humans following 7 days 
of NO3
- supplementation. Coggan et al. (2015) reported that acute dietary NO3
- can improve 
voluntary muscle function at high angular velocities where the relative contribution of type II 
muscle to force development and power is expected to be greatest (Coyle et al. 1979). 
Specifically, a single dose of beetroot juice containing 11.2 mmol of NO3
- increased peak 
isokinetic knee extensor torque during single contractions at the highest angular velocity tested 
(360º∙s-1) and was associated with increased estimated maximal power of knee extension. 
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Whilst changes in mitochondrial (Larsen et al. 2011) and contractile efficiency (Bailey et al. 
2010; Hernadez et al. 2012) offer mechanistic explanations for improved exercise 
economy/performance during sustained exercise following several days of NO3
- 
supplementation, it is unclear how a single NO3
- dose might confer improved force or speed of 
a single contraction. Acutely, NO3
- supplementation may augment the cyclic gaunosine 
monophosphate-mediated effects of NO on muscle contraction (Maréchal and Gailly. 1999) 
but further investigation is required to elucidate the mechanism by which acute NO3
- 
administration may accelerate force production during single contractions. 
The potential for short-term NO3
- supplementation to confer physiological benefits in type II 
compared to type I skeletal muscle during exercise may be the result of greater NO-mediated 
signalling in type II muscle where the lower PO2 and pH during contractions (McDonagh et al. 
2005) potentiate the reduction of NO2
- to NO. Given the emerging evidence of the enhanced 
effects of NO3
- supplementation on type II skeletal muscle, it may be speculated that the 
ergogenic effect of dietary NO3
- on exercise performance is likely to be more pronounced in 
exercise settings that require a significant recruitment of type II muscle such as team sports and 
sprint exercise. However, investigation of the effects of NO3
- supplementation on the capacity 
to perform exercise in such settings is presently lacking.  
The possible effect of dietary NO3- supplementation on cognitive performance 
Sport participation requires participants to simultaneously maintain mechanical work and 
perform a cognitive task (Brisswalter et al. 2002). When a cognitive task is added to a primary 
physical task of locomotion, a significant decrease in reaction time performance has been 
observed (Brisswalter et al. 1995). During high-intensity exercise, cerebral oxygenation and 
cognitive abilities diminish and mental fatigue develops (Fery et al. 1997; Hogervoist et al. 
1996; Reilly and Smith 1986; Santos Concerjero et al. 2017). Since a key aspect of performance 
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in many sports is the ability to make quick and accurate decisions whilst simultaneously 
performing exercise at varying intensities, there is likely to be considerable interest in any 
intervention with the potential to improve decision-making accuracy and/or reaction time 
during sporting settings. 
Reduced NO bioavailability has been implicated in disrupted neurovascular coupling whereby 
regional metabolic demand exceeds the rate of cerebral perfusion destabilizing neurons and 
synapses (Girouard and Iadecola. 2006). However, by improving NO bioavailability, dietary 
NO3
- supplementation may favorably alter cerebral haemodynamics (Rifkind et al. 2007, 
Presley et al. 2011; Haskell et al. 2011) and permit greater stability of NO-linked cerebral 
processes including neurotransmission, vasodilation and neurovascular coupling (Aamand et 
al. 2013; Iadecola et al. 1993; Piknova et al. 2011) during situations when NOS activity might 
be compromised. Indeed, improved regional brain perfusion (Presley et al. 2011) and a reduced 
cerebral O2 cost of mental processing without decrements in incremental exercise performance 
(Thompson et al. 2014) have been reported following NO3
- supplementation. Acute, low dose 
(~ 5mmol NO3
-) BR supplementation has been reported to increase prefrontal cortex cerebral 
blood flow at the onset of cognitive tasks and improve cognitive performance at rest in healthy 
humans (Wightman et al. 2015). Given that high-intensity physical exertion decreases cerebral 
oxygenation (Santos Concerjero et al. 2017) and may negatively influence cognitive task 
performance (Fery et al. 1997) these findings suggest that NO3
- supplementation has the 
potential to improve aspects of cognition during high-intensity intermittent exercise such as in 
team sports.  However, to date there have been no investigations on the effects of dietary NO3
- 
on aspects of cognitive performance in controlled exercise settings designed to mimic the 
metabolic demands and/or movements patterns of team sport match-play. If cognitive ability 
is susceptible to change following a dietary intervention such as NO3
- supplementation, and 
certainly if improved cognitive performance occurs in concert with improved exercise 
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performance, dietary NO3
- may represent a fruitful new avenue for research to target this under-
recognised aspect of sporting performance. 
Dietary NO3- supplementation and exercise training 
The use of NO3
- supplements before athletic competition has increased rapidly amongst 
recreational and professional athletes in response to evidence of its ergogenic effect in a 
number of exercise settings. Indeed, BR supplements were used extensively by several 
prominent national teams competing in a wide variety of sports at the 2012 London Olympic 
and Paralympic Games (Jones et al. 2014). It is therefore reasonable to anticipate that NO3
- 
supplements are also used concurrently across periods of training. However, the effects of a 
high-NO3
- dietary supplement, such as beetroot juice, consumed daily as part of an exercise 
training programme, on the adaptations to training is presently unclear.  
By activating PGC-1α, exercise training is known to promote a number of oxidative phenotypic 
adaptations in skeletal muscle such as mitochondrial biogenesis (Lanza & Sreekumaran, 2010; 
Kang et al. 2013) and angiogenesis (Arany et al. 2008; Chinsomboon et al. 2009). The 
upregulation of PGC-1α may be enhanced by exercise-induced NO production (Lira et al. 2010; 
Balon and Nadler 1994; Pattwell et al. 2004). Conversely, in murine models, the 
pharmacological inhibition of NO production by NG-nitro-L-arginine methyl ester (L-NAME) 
and eNOS and nNOS knockout did not prevent exercise-induced PGC-1α mRNA expression 
in skeletal muscle (Wadley et al. 2007; Wadley and McConell 2007). Nonetheless, in the 
absence of exercise training, elevating NO bioavailability may stimulate angiogenesis (Gavin 
et al. 2000) and mitochondrial biogenesis (Nisoli et al. 2003; 2004), perhaps through the 
activation of regulatory factors such as PGC-1α (Mo et al. 2012). It is possible that the NO-
mediated inhibition of O2 binding at cytochrome c oxidase (Brown & Cooper, 1994; Cleeter et 
al. 1994) and resultant local hypoxia may initiate signalling cascades important for oxidative 
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adaptation (Gan 2016). Therefore, a number of NO-mediated signalling cascades may be 
synergistic to the comparable molecular signalling processes generated by exercise training.   
NO3
- supplementation may also enable the maintenance of higher training intensities by: 1) 
lowering the O2 cost for a given work rate (Larsen et al. 2007; Bailey et al. 2009; Vanhatalo et 
al. 2010); 2) reducing the ATP and PCr cost of muscle force production (Bailey et al. 2010; 
Fulford et al. 2013) and 3) increasing cytosolic [Ca2+] and force production of muscle 
contraction (Hernández et al. 2012). Therefore, the combined stimuli of chronic NO3
- 
supplementation and exercise training may lead to greater adaptation. Furthermore, given that 
dietary NO3
- may specifically enhance the physiological responses of type II muscle fibres to 
exercise (Hernández et al. 2012; Ferguson et al. 2013; 2015; Jones et al. 2016), it is possible 
that NO3
- supplementation may be particularly beneficial to athletes engaging in high-intensity 
and sprint training. The possible interaction of NO3
- supplementation with the physiological 
adaptation and performance changes following exercise training is yet to be explored.  
Summary 
In summary, owing to the remarkably diverse range of NO-targeted biological effects, NO3
- 
rich beetroot juice supplementation can mediate the physiological response to exercise. These 
may include favourable changes in mitochondrial and contractile efficiency and skeletal muscle 
blood flow (Figure 2.2). Recent advances in our understanding of how elevated NO 
bioavailability may favourably alter the response of type II muscle fibres to exercise raises the 
possibility that NO3
- -rich beetroot juice may be of particular value to athletes engaging in 
exercise settings which require a significant contribution of type II muscle fibre activation such 
as team sport-specific exercise. 
In such settings, cognitive, as well as physical performance is a key determinant of sporting 
success. Dietary NO3
- has been shown to improve cerebral blood flow to areas responsible for 
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executive functioning and improve cognitive function at rest. Given that prolonged high 
intensity exertion may reduce cerebral oxygenation and cognitive performance, dietary NO3
- 
may protect NO-mediated cerebral processes and promote cognitive function during exercise. 
Therefore, dietary NO3
- supplementation holds promise as an ergogenic aid to improve both 
physical and cognitive performance in sporting events involving high-intensity intermittent and 
repeated sprint activity. 
Since dietary NO3
- supplementation has been shown to reduce the O2 cost of exercise and 
improve exercise tolerance, and if dietary NO3
- supplementation can promote key aspects of 
team sport performance, it might be anticipated that NO3
- supplements will be used 
concurrently by different types of athlete across periods of training. It might also be anticipated 
that a number of NO-mediated signalling processes may interact with the comparable 
signalling processing generated by exercise training to alter metabolic and exercise 
performance adaptations. Therefore it is possible that dietary NO3
- can serve as an effective 
adjunct to exercise training in order to promote the adaptive response.  
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Figure 2.2. Proposed mechanisms by which dietary NO3
- supplementation may enhance 
exercise performance in exercise settings requiring significant type II muscle fibre activation 
Aims and Hypotheses 
The aim of this thesis is to provide novel insight regarding the practical applications of NO3
- 
supplementation in high-intensity intermittent and sprint-type exercise. The experimental 
studies conducted will address the following original research questions in competitive team 
sport players: 
1. What are the effects of short-term NO3- supplementation on physical and cognitive 
performance during prolonged intermittent exercise performance? 
a. Can short-term NO3- supplementation enhance work done during a prolonged 
intermittent sprint cycling protocol designed to mimic the metabolic demands 
of team sport play? 
b. Can short-term NO3- supplementation improve response accuracy and decision-
making reaction time to cognitive tasks during prolonged intermittent exercise? 
2. What are the effects of short-term NO3- supplementation on sprint running performance, 
and cognitive function and exercise performance during high-intensity intermittent 
running? 
a. Can short-term NO3- supplementation reduce sprint running time over distances 
typically covered during team sport play? 
b. Can short-term NO3- supplementation improve response accuracy and response 
time to cognitive tasks during high-intensity intermittent running? 
3. What are the physiological and performance effects of chronic NO3- supplementation 
when combined with sprint interval training (SIT)?  
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a. Can chronic NO3- supplementation alter the physiological response to exercise 
and exercise performance? 
b. Can chronic NO3- supplementation potentiate the physiological adaptation and 
performance effects consequent to exercise training? 
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Chapter 3: General Methods 
The three experimental studies included in this thesis entailed 676 exercise tests. All exercise 
tests in Chapters 4 and 6 took place in an air conditioned exercise physiology laboratory or 
MRI suite (Chapter 6) at sea level with an ambient temperature of 18-22ºC. All exercise tests 
in Chapter 5 were conducted in a sports hall on a wooden surface. The training intervention 
included in Chapter 6 required an additional 336 training sessions. These also took place in an 
air conditioned exercise physiology laboratory. 
Ethics approval and informed consent 
The protocols and procedures of each experimental chapter included in this thesis were 
approved by Ethics Committee of Sport and Health Sciences (University of Exeter) prior to the 
commencement of data collection. Each participant was provided with a Participant 
Information Sheet, an explanation of the potential risks and benefits of participation, 
information regarding data storage safety, publication and anonymity prior to giving their 
written, informed consent to take part in these studies. Participants were made aware that they 
were free to withdraw from study participation at any point with no disadvantages to 
themselves. 
Health and Safety 
All procedures and protocols conformed to the health and safety guidelines of the Department 
of Sport and Health Sciences at The University of Exeter. Exercise physiology laboratories and 
other experimental testing areas were clean, safe and suitable for human subjects. This involved 
regular cleaning of work surfaces, floors, and exercise and respiratory equipment using dilute 
Virkon disinfectant. Routine safety checks on all testing areas and equipment used were also 
conducted by members of the technical staff. Muscle biopsies were taken using Bergström 
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needles that had undergone sterilisation procedures and confirmed as sterile prior to sampling. 
Researchers involved in the collection of muscle biopsies wore disposable sterile gloves during 
sampling and when dressing the wound. Participants who took part in the muscle biopsy 
procedure were provided with a Post-Procedure Care for your Biopsy Site information sheet. 
All sharps and biohazardous waste materials were disposed of immediately and later 
incinerated. 
Participants  
Volunteers for all experiments were recruited from the University student and staff population 
and from the local community. All volunteers were screened prior to recruitment to ensure 
suitability for participation. Participants were non-smokers and free from disease and the use 
of dietary supplementation and medication at the time of data collection. Participants recruited 
in Chapters 4 and 5 were recreational or competitive team sport players and were members of 
University or local sports teams. Participants in Chapters 6 were recreationally active and were 
involved in local team and/or endurance sports. All participants recruited in Chapters 4-6 were 
not considered elite-level athletes. Participants were asked to maintain their normal exercise 
and dietary behaviour throughout their participation. However, on familiarisation and 
experimental testing days, participants were asked to arrive at the laboratory fully hydrated and 
≥3 h post-prandial having avoided strenuous exercise and the consumption of alcohol and 
caffeine in the 12 h preceding each visit. Individual participants underwent experimental 
procedures at the same time of day (± 2 h). For the duration of each study, participants were 
also asked to refrain from antibacterial mouthwash and the use of other dietary supplements.   
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Supplementation 
NO3
- supplementation and placebo supplementation were administered in the form of 
concentrated beetroot juice, supplied by Beet it, James White Drinks, Ipswich, UK. In Chapters 
4 and 5, the supplements were administered in a double-blind randomized, crossover study 
design. In these studies, at least a 7 day washout period separated each supplementation period. 
In Chapter 6, the supplements were administered in a double-blind, independent-groups design. 
The selective removal of NO3
- ions by passage of the juice through Purolite A520E ion 
exchange resin (Lansley et al. 2011b) ensured that the placebo beverage (PL) was similar in 
appearance, taste and smell to the NO3
--rich beetroot juice (BR).  The NO3
- and NO2
- 
concentrations of all batches of BR and PL supplements were verified via chemiluminescence 
analyses prior to commencement of each study. 
In Chapter 4 and 6, the supplements were NO3
--rich BR (2 x 70 mL/day providing ~ 12.8 mmol 
of NO3
-/day) and/or NO3
--depleted PL (2 x 70 mL/day providing ~0.08 mmol of NO3
-/day). In 
these studies, participants consumed 1 x 70 mL of supplement each morning and evening for 
the duration of the supplementation period. On experimental days, participants consumed the 
total daily dose (i.e. 2 x 70 mL) of their allocated supplement 2.5 hours prior to the exercise 
tests.  
In chapter 5, the dosing regimen was reduced to reflect a moderate NO3
- dose/day. Therefore 
the supplements were NO3
--rich BR (1 x 70 mL/day providing ~ 6.4 mmol NO3
-/day) and NO3
-
-depleted PL (1 x 70 mL providing ~ 0.04 mmol NO3
-/day). On experimental days, subjects 
consumed their allocated daily supplement 2.5 hours prior to the exercise tests. The dose 
administered in Chapter 5 (equivalent to ~200 g rocket/spinach or 3-4 beetroots) is achievable 
through modest dietary manipulation. 
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Participants were informed of the possibility of beeturia (red urine) and red stools as a 
consequence of supplementation with concentrated beetroot juice. All supplementation 
regimens used in Chapters 4-6 were well tolerated by all participants with no adverse effects 
reported.  
Measurements 
Prior to the commencement of data collection, participant’s height, weight and age were 
recorded. Upon returning to the laboratory for each experimental test, participants were 
weighed before performing exercise tests.  
Blood pressure 
As part of the screening process prior to subject enrolment, blood pressure of the brachial artery 
was measured using an automated sphygmomanometer (Dinamap Pro 100v2, GE Medical 
Systems, Tampa, USA) meeting the American National Standards Institute/Association for the 
Advancement of Medical Instrumentation standards (Dinamap Pro). Systolic blood pressure, 
diastolic blood pressure and mean arterial pressure were also measured during experimental 
visits in Chapters 5 and 6. All measurements required participants to remain seated in a resting 
state for 10 min prior to the recording of three measurements. The mean of three measurements 
were calculated and used in each case.  
The reliability of measuring systolic blood pressure in this way was determined by repeat 
assessments performed over 3 days in 6 participants. The intra-test coefficient of variation 
(using measurements taken on the same day) was 1.3% and the inter-test coefficient of variation 
(using measurements taken on different days) was 1.1%.  
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Blood sampling 
In Chapter 5 and 6, venous blood samples were obtained at rest from an antecubital vein using 
venepuncture. In Chapters 4 and 6, venous cannulation was used to enable blood sampling 
during exercise. Prior to the start of the exercise tests, a cannula (20g; BD Venflon, Becton 
Dickinson, Helsingborg, Sweden) was inserted into the antecubital vein and kept patent with 
an infusion of 0.9% saline at 10 ml/h. All blood samples were collected into 7.5 mL lithium-
heparin tubes (Vacutainer, Becton-Dickinson, NJ, USA). The blood collected in Chapters 4 
and 6 was immediately analysed for blood [lactate] and [glucose] ([] denotes concentration). 
All blood samples taken in Chapters 4-6 were centrifuged within 2 min of collection at 400 
rpm and 4°C for 8 minutes. In Chapter 4, plasma was extracted and analysed for [sodium] 
([Na+]) and [potassium] ([K+]). Plasma was extracted from all blood samples taken in Chapters 
4-6 and stored at -80°C for later analysis of plasma [NO3
-] and [NO2
-]. 
Measurement of blood lactate, glucose, and plasma potassium and sodium concentrations 
In Chapter 4 and 6, all blood samples were assessed for [lactate] and [glucose], Upon collection 
into a lithium-heparin tube, 200 μL of blood was immediately extracted and added to 200 μL 
of cooled Triton X-100 solution (Triton X-100, Amresco, Salon, OH) in order to lyse 
erythrocyte membranes (Foxdal et al. 1992). [Lactate] and [glucose] were then determined in 
the haemolysed sample (Chapter 4: YSI 1500, Yellow Springs Instruments, Yellow Springs, 
OH; Chapter 6: YSI 2900D, Yellow Springs Instruments, Yellow Springs, OH). The remaining 
untreated whole blood from each sample was centrifuged at 4000 rpm for 8 min at 4 ºC within 
2 min of collection. In Chapter 4, plasma was immediately extracted and a portion analysed to 
determine [K+] and [Na+] (9180 Electrolyte Analyzer, F. Hoffmann-La Roche, Basel, 
Switzerland). The analysers used in all experimental chapters were programmed to 
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automatically calibrate every 45 minutes or upon processing 10 samples and daily maintenance 
was carried out by laboratory technical staff. 
Measurement of plasma nitrate and nitrite concentrations 
In Chapters 4-6, a portion of plasma was extracted from all blood samples and stored at -80ºC. 
These samples were assessed for [NO3
-] and [NO2
-] using chemiluminescence. This first 
required the reduction of NO3
- and NO2
- to NO gas.  
All of the glassware, utensils and surfaces used throughout the following procedures were 
regularly rinsed with deionized water to remove residual NO2
-. The samples used for [NO3
-] 
reduction first required deproteinisation. This involved the addition of 400 µL zinc sulfate and 
400 µL 1 M sodium hydroxide to 200 µL plasma before the sample was centrifuged for 15 min 
at room temperature. The supernatant was removed and 50 µL injected into a gas sealed purge 
vessel containing vanadium trichloride in 1 M hydrochloric acid at 95ºC. When conducting the 
[NO3
-] analyses, an additional gas bubbler containing 1 M sodium hyodroxide was installed in 
order prevent damage to the nitric oxide analyser from acid vapor. For [NO2
-] reduction, 
untreated plasma was injected into a purge vessel containing 5 ml undiluted acetic acid and 1 
mL sodium iodide at 35%. The NO produced reacts with ozone yielding nitrogen dioxide in a 
Sievers gas-phase chemiluminescence nitric oxide analyser (Sievers NOA 280i, Analytix Ltd, 
Durham, UK). The light emitted is detected by a red-sensitive photomultiplier tube and 
amplified to produce an analog MV signal. [NO3
-] and [NO2
-] are determined by plotting the 
signal area against a calibration plot of 25 nM to 1 µM sodium NO2
- and 100 nM to 10 µM 
sodium NO3
-, respectively. The coefficients of variation for duplicate samples of [NO3
-] and 
[NO2
-] determination using these techniques were 3% and 9.5%, respectively.  
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Cognitive assessment 
In Chapter 4, both Stroop and Decision-Reaction computerised tests were used to assess 
cognitive performance at rest, during and following exercise. All tests were delivered using E-
Prime® 2.0 (Psychology Software Tools, Inc. 2013) and presented on a computer screen 
positioned at eye-level to the participant when seated on a cycle ergometer. Participants were 
asked to respond as quickly and as accurately as possible using a custom-made handlebar-
mounted control button box. The Stroop tests consisted on text strings as neutral ‘XXXX’ or 
words representing colours ‘RED’, ‘YELLOW’, ‘GREEN’ or ‘BLUE’. Text strings were 
displayed in font colours of red, yellow, green or blue and participants were instructed to press 
the appropriately coloured button on the control box that corresponded to the font colour rather 
than the text word as quickly and as accurately as possible. All tasks were presented in a random 
order over 90 s but evenly distributed between neutral, congruent (matching word and font 
colour) and incongruent (word and font colour not matching) conditions during each test. The 
Decision-Reaction tests consisted of arrows appearing on the left or right of the computer 
screen with a categorisation header of either ‘LOCATION’ or ‘DIRECTION’ presented 
simultaneously. Participants were instructed to press a button on the left or right of the control 
box that corresponded to the ‘LOCATION’ or ‘DIRECTION’ of the on screen arrow. All tasks 
were presented in a random order over 90 s but evenly distributed between congruent (the 
arrow direction and location matching) and incongruent (the arrow direction and location not 
matching) conditions during each test. 
In Chapter 5, 90 s Stroop tests were again delivered using E-Prime® 2.0 (Psychology Software 
Tools, Inc. 2013) to assess cognitive performance at rest, during and at exhaustion from 
exercise. The Stroop tests were completed in a seated position and presented on a laptop screen. 
Participants were asked to respond as quickly and as accurately as possible using a custom-
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made keyboard containing only the coloured buttons that corresponded to the on screen text 
strings. 
The reliability of measuring reaction time using these tests was determined by repeat 
assessments performed over 3 days in 5 participants. The coefficients of variation for the Stroop 
test response precision and response time were 1.9% and 3.4%, respectively. The coefficients 
of variation for the Decision-Reaction test response precision and response time were 1.9% 
and 3.2%, respectively.  
Exercise testing procedures 
Cycle ergometry 
All cycling exercise tests in Chapters 4 and 6 were performed on an electronically braked cycle 
ergometer (Lode Excalibur Sport, Groningen, Netherlands). In Chapters 4 and 6, ramp 
incremental tests to volitional exhaustion were performed during initial visits to the laboratory 
in order to acquire individual peaks (peak work rate and V̇O2peak) and the gas exchange 
threshold (GET). These were used to prescribe the work rates of each participant during 
experimental testing in Chapters 4 and 6. In Chapter 6, incremental exercise tests were also 
performed during experimental visits.  
In Chapter 4, a linear function and a step function were used to determine the work rates during 
the prolonged intermittent cycling test. The work rate imposed by the linear function is 
cadence-dependent and is given by the following equation: 
Linear factor = Power output ÷ Cadence2  
In contrast, the step function imposes work rate by electronically adjusting the flywheel 
resistance independent of cadence. This function allows work rate to be increased or decreased, 
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from one constant work rate to another (at a rate of 1000W∙s-1) for predetermined durations. 
This function was used to determine the work rates of the step exercise tests in Chapter 6. 
Ramp incremental test 
The ramp incremental tests used in Chapters 4 and 6 commenced with the completion of a 3 
min period of pedalling at 20 W (baseline period) at a self-selected cadence (75-90 rpm). Upon 
completion of baseline cycling, the work rate was linearly increased at a rate of 30 W∙min-1 
until the limit of tolerance. The test was terminated when the pedal rate fell by > 10 rpm below 
the self-selected cadence. The self-selected cadence, as well as the position of the handle bars 
and saddle were recorded upon the initial visit and repeated for all subsequent visits.  
Pulmonary gas exchange and the determination of ?̇?O2peak and GET 
Breath-by-breath pulmonary gas exchange data were recorded continually throughout all 
incremental and step exercise tests. The recorded data were averaged over 10-s periods. The 
gas analyser was made up of a bidirectional TripleV digital transducer and differential 
paramagnetic (O2) and infrared absorption (CO2) (Jaeger Oxycon Pro, Hoechberg, Germany). 
Gas analyser calibration was conducted with gases of known concentration and the volume 
sensor calibration was conducted using a 3-L syringe (Hans Rudolph, Kansas City, MO) prior 
to the collection of data on all of these tests. During these tests, participants wore a nose clip 
and breathed through a turbine volume transducer (Triple V, Jaeger, The Netherlands) 
mouthpiece with low dead-space and low resistance. The attached capillary line sampled V̇O2, 
V̇CO2, and minute ventilation (V̇E) which were exported following each test. The V̇O2peak was 
accepted as the highest 30-s mean value attained before volitional exhaustion from the 
incremental and severe-intensity step tests. The GET was determined by identifying the first 
disproportionate increase in V̇CO2 from visual inspection of plots of V̇CO2 vs. V̇O2 (V-slope 
method; Beaver et al. 1986) and an increase in V̇E/V̇O2 with no increase in V̇E/V̇CO2.  
Chapter 3: General Methods 38 
 
When prescribing the exercise intensities based on the incremental test pulmonary gas 
exchange data collected in Chapters 4 and 6, the work rates were adjusted for the mean response 
time for V̇O2 (the initial ‘lag’ in the V̇O2 response during incremental exercise is relative to the 
steady state V̇O2 requirement for a given work rate and reflects a mean response time of 
approximately two thirds of the ramp rate; Whipp et al. 1981). Therefore, the power outputs 
associated with the V̇O2peak and GET used to normalize the work rates of exercise prescribed in 
Chapters 4 and 6 were 20 W less than the work rates that coincide with the appearance of the 
V̇O2peak and GET.  
The reliability of pulmonary gas exchange measurement was determined using bouts of 
moderate-intensity exercise performed on two separate days in 10 participants. On each visit, 
participants completed a constant work step test consisting of 3 min baseline cycling at 20 W 
and 5 min cycling at moderate-intensity. The 3 min baseline period was followed by a sudden 
transition to a work rate eliciting 80% of the work-rate associated with the GET. Participants 
were asked to cycle at the same preferred cadence (70-80 rpm) on each visit for the 3 min 
baseline period and the 5 min moderate-intensity period. The coefficient of variation for steady 
state V̇O2 was 2% at an absolute power output of 112 ± 30 W. 
Validity and reliability of team sport-specific tests  
Whilst the intermittent sprint test (IST) used in Chapter 4 could not replicate the movement 
patterns required of most team-sports, it has been previously shown that repeated 6-s sprint 
cycling performance is correlated with repeated sprint running performance over 15 m (Bishop 
et al. 2001). This type of exercise (repeat 6-s sprint cycling completed in the standing position) 
has previously been shown to be highly reliable with a coefficient of variation of 1.8 and 2.5% 
for peak power and mean power output, respectively (Bishop and Claudis 2005). To assess the 
reliability of the mean power output during the 6 s sprints used in Chapter 4, 4 individuals 
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completed a series of 6 s sprints on two separate days yielding a coefficient of variation of 
3.3% for mean power output.  
The Yo-Yo IR1 test used in Chapter 5 has been shown to be a reliable and valid test to assess 
team sport specific, intermittent running performance (Bangsbo et al. 2008). Indeed, Yo-Yo 
IR1 test performance has previously been correlated with the high-intensity running bouts of 
soccer games and has been shown to have a high test-retest reliability with a coefficient of 
variation of 4.9% (Krustrup et al. 2003). The reliability of this measure for Chapter 5 was 
assessed with repeat assessments in 7 individuals on two separate days yielding a coefficient 
of variation of 3.0% for distance covered. 10-m straight line sprint performance measured with 
the timing gate system used in Chapter 5 has been shown to be highly reproducible with a 
reported coefficient of variation of 1.6 - 2.5% (Oliver and Meyers 2009). The reliability of the 
20-m sprint test used in Chapter 5 was also assessed with repeat assessments in 7 individuals 
on two separate days yielding a coefficient of variation of 1.7% for sprint time.  
Statistical analyses 
Statistical analyses in all experimental chapters were performed using the Statistical Package 
for Social Sciences (SPSS v.19 (Chapter 4) and SPSS v.22 (Chapters 5-6)). The statistical 
procedures specific to each chapter are outlined in the Statistical analyses of Chapters 4-6. In 
all chapters, data are presented as mean ± SD unless otherwise stated and statistical significance 
was accepted at P<0.05. 
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ABSTRACT 
It is possible that dietary nitrate (NO3
-) supplementation may improve both physical and 
cognitive performance via its influence on blood flow and cellular energetics. Purpose: To 
investigate the effects of dietary NO3
- supplementation on exercise performance and cognitive 
function during a prolonged intermittent sprint test (IST) protocol, which was designed to 
reflect typical work patterns during team sports. Methods: In a double-blind randomised 
crossover study, 16 male team-sport players received NO3
--rich (BR; 140 mL.day-1; 12.8 mmol 
of NO3
-), and NO3
--depleted (PL; 140 mL.day-1; 0.08 mmol NO3
-) beetroot juice for 7 days. 
On day 7 of supplementation, subjects completed the IST (two 40-min “halves” of repeated 2-
min blocks consisting of a 6-s “all-out” sprint, 100-s active recovery and 20 s of rest), on a 
cycle ergometer during which cognitive tasks were simultaneously performed. Results: Total 
work done during the sprints of the IST was greater in BR (123 ± 19 kJ) compared to PL (119 
± 17 kJ; P<0.05). Reaction time of response to the cognitive tasks in the second half of the IST 
was improved in BR compared to PL (BR first half: 820 ± 96 vs. second half: 817 ± 86 ms; PL 
first half: 824 ± 114 vs. second half: 847 ± 118 ms; P<0.05). There was no difference in 
response accuracy. Conclusions: These findings suggest that dietary NO3
- enhances repeated 
sprint performance and may attenuate the decline in cognitive function (and specifically 
reaction time) that may occur during prolonged intermittent exercise.  
 
Key Words: Nitric oxide, Dietary supplementation, Cognitive performance, Sprint 
performance 
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Introduction 
Recent investigations have reported improved short-term intermittent running (Wylie et al. 
2013a) and rowing (Bond et al. 2012) performance following nitrate-rich beetroot juice 
supplementation. Since team sports such as football, rugby and hockey involve a similar pattern 
of repeated sprint exercise, these studies suggest that nitrate (NO3
-) supplementation may 
improve physical performance during such activities.  
 
The reduction of NO3
- to the bioactive nitrite (NO2
-) and nitric oxide (NO) likely mediate the 
physiological changes and enhanced exercise capacity that has been reported following dietary 
NO3
- supplementation (Bailey et al. 2010a, b; Larsen et al. 2007). This pathway supplements 
the NO produced by the oxidation of L-arginine and is potentiated in hypoxic conditions 
(Lundberg and Weitzberg 2010), ensuring that NO is produced across a wide range of O2 
concentrations (Lundberg et al. 2008). NO3
- supplementation has been shown to modify 
intracellular calcium handling and increase contractile force production in type II muscle fibres 
(Hernández et al. 2012). Furthermore, NO3
- supplementation may result in preferential 
distribution of blood flow to muscle containing predominantly type II fibres (Ferguson et al. 
2013). Given that type II muscle fibres are preferentially recruited during transitions from low 
to high-intensity exercise (Krustrup et al. 2006), these mechanisms may enhance performance 
during intermittent exercise.  
 
Cognitive ability, which includes functions of perception, learning, decision-making and 
communication, is sensitive to alterations in physical demand, mood and arousal (Hogervorst 
et al. 1996; Reilly and Smith 1986). At very high exercise intensities (>85% V̇O2peak), cognitive 
task performance deteriorates, with a pronounced detrimental effect on reaction time (Fery et 
al. 1997). Team sport players are often required to make rapid and appropriate decisions whilst 
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simultaneously exercising at variable intensities. Dietary NO3
- supplementation has been 
reported to affect cerebral haemodynamics (Haskell et al. 2011; Rifkind et al. 2007), to improve 
perfusion to brain areas associated with executive function (Presley et al. 2011), and to enhance 
neurovascular coupling in response to visual stimuli (Aamand et al. 2013). Given that physical 
exertion can negatively influence cognitive task performance, it is possible that NO3
- 
supplementation may improve aspects of cognitive performance and in particular the speed of 
decision-making, during intermittent high-intensity exercise such as occurs in team sports.  
 
Previous studies investigating the influence of NO3
- supplementation on intermittent exercise 
performance (Bond et al. 2012; Martin et al. 2014; Wylie et al. 2013a) have employed protocols 
of short duration which are not representative of team sports. Moreover, no previous study has 
assessed possible simultaneous effects of NO3
- supplementation on cognitive task performance 
during intermittent exercise. Ideally, the efficacy of NO3
- supplementation in team sports 
should be explored in a protocol which not only imitates the physical and cognitive stress, but 
also the duration typical of team sport match play (e.g., 2 x 40 min ‘halves’ such as occurs in 
rugby union and field hockey).  
 
The purpose of this study was to assess the physiological, cognitive and performance effects 
of dietary NO3
- supplementation during an exercise protocol which reflects the multiple sprint 
pattern and metabolic demands of team sport match play.  We used a series of alternating 
cognitive tasks interspersed within an extended (2 x 40 min) and modified version of a 
previously described intermittent sprint test (IST; Bishop and Claudius 2005) for this purpose. 
Compared to placebo, we hypothesised that dietary NO3
- supplementation would result in: (1) 
a greater total work done during the IST; and (2) a smaller decline in reaction time and response 
accuracy in the cognitive tests in the second compared to the first half of the IST. 
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Methods 
Subjects 
Sixteen male, recreational team-sport players from local field hockey, football and rugby teams 
(mean ± SD: age 24  ± 5 years, body mass 78.0 ± 7.0 kg, height 1.78 ± 0.60 m, V̇O2max 50 ± 7 
mL ·kg-1 ·min-1) volunteered to participate in the study. None of the subjects were 
supplementing their diet with any putative ergogenic aid for 6 months prior to the start of the 
study. Following an explanation of the experimental procedures, associated risks, potential 
benefits and likely value of possible findings, subjects gave their written informed consent to 
participate. The study was approved by the Institutional Research Ethics Committee and 
conformed to the code of ethics of the Declaration of Helsinki. 
 
Experimental Design 
Subjects visited the laboratory on four separate occasions over a 26-30 day period. On visit 1, 
subjects completed an incremental exercise test on a cycle ergometer for the determination of 
V̇O2max. On visit 2, subjects completed a familiarisation session in which the first half of the IST 
and simultaneous cognitive tasks were performed. In a double-blind, randomised, crossover 
design subjects were then assigned to receive NO3
- -rich beetroot juice (BR) and NO3
--depleted 
beetroot juice (PL) for 7 days with a wash-out period of at least 10 days separating the two 
supplementation periods. On day 7 of each supplementation period, subject reported to the 
laboratory to perform the full IST.  
 
Experimental visits were scheduled at the same time of day (±2 h). Subjects were asked to 
maintain their normal dietary and exercise behaviour throughout the study. However, subjects 
were instructed to record their diet during the 24 h preceding the first IST and to repeat this 
prior to the second IST. Subjects were also instructed to arrive at the laboratory ≥3 h post-
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prandial, having avoided strenuous exercise and the consumption of alcohol and caffeine in the 
12 h preceding each exercise test. Subjects were requested to refrain from chewing gum and 
using antibacterial mouthwash for the duration of the study as this inhibits the reduction of 
NO3
- to NO2
- in the oral cavity (Govoni et al. 2008). 
 
Exercise protocols 
Initially, the subjects completed a ramp incremental cycle exercise test for determination of 
the V̇O2max. Initially, subjects performed 3 min of baseline cycling at 0 W, after which the 
work rate was increased at a rate of 30 W/min until the limit of tolerance. The subjects cycled 
at a self-selected pedal rate (70–90 rpm). The saddle and handle bar height and configuration 
was recorded and reproduced in subsequent tests. Breath-by-breath pulmonary gas-exchange 
data were collected continuously during the incremental tests and averaged over consecutive 
10-s periods. The V̇O2max was accepted as the highest 30-s mean value attained before the 
subject's volitional exhaustion in the test. We did not utilise secondary criteria to ‘verify’ the 
attainment of V̇O2max because the validity of this approach has been questioned (Poole et al. 
2008). The individual power output and V̇O2 data from the ramp test were used to inform 
exercise intensity during the IST (see below). 
 
The IST (Fig. 1) was based on a motion analysis study of international field hockey (Spencer 
et al. 2004) and is an extension of a protocol described previously (Bishop and Claudius 2005). 
The IST was performed on an electronically braked cycle ergometer (Lode Excalibur Sport, 
Groningen, the Netherlands). Although the IST cannot replicate the exact movement patterns 
encountered in team sports, an advantage to using a cycle ergometer is that, unlike field-based 
running tests, it permits the simultaneous performance of cognitive tasks (see Cognitive 
assessment). Briefly, the test consisted of a 10-min warm-up followed by two 40-min halves 
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of intermittent exercise separated by 15 min of recovery (“half time”). The warm-up required 
subjects to cycle for 5 min at 50 % predetermined power output at V̇O2max, followed by 1-min 
at 70 % power output at V̇O2max and 2 min of rest. A practice 2-min block of the IST was then 
performed followed by a 2-min rest period before the IST began. Each half of the IST was 
divided into 2-min blocks which consisted of a 6-s all-out sprint, 100 s of active recovery and 
14 s of passive recovery. On two occasions during each half, subjects completed blocks of 5 x 
4-s all-out sprints separated by 16 s of active recovery. The fixed resistance for the 6- and 4-s 
all-out sprints was determined using the linear function of the Lode ergometer such that at a 
cadence of 120 rpm, subjects would achieve 250 % of their ramp test peak power output. The 
active recovery required the subject to maintain a constant power output of 35 % of V̇O2max. 
 
Blood was sampled at rest (baseline), before and after each half, and at 15 min following the 
completion of the IST. All blood samples were drawn from a cannula (Insyte-WTM, Becton-
Dickinson, Madrid, Spain) inserted into the subject’s antecubital vein. Blood [lactate] and 
[glucose], as well as plasma [K+], [Na+], [NO2
-] and [NO3
-] were analysed in all samples 
(square brackets denote concentration).  
 
Supplementation 
Following familiarisation visits, subjects were allocated in a double-blind, randomised, 
crossover design to consume concentrated NO3
--rich beetroot juice (BR; organic beetroot juice; 
~ 6.4 mmol of NO3
- per 70 mL; Beet it, James White Drinks Ltd., Ipswich, UK) and NO3
--
depleted beetroot juice (PL; organic beetroot juice; ~ 0.04 mmol NO3
- per 70 mL; Beet it, James 
White Drinks Ltd., Ipswich, UK). Subjects consumed supplements for 7 days with ≥ 10 days 
washout between conditions. Subjects consumed 1 x 70 mL of supplement each morning and 
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evening for 6 days. On day 7 of each condition, the subjects consumed 2 x 70 mL of supplement 
and commenced the IST 2.5 h later. 
 
Measurements 
Pulmonary gas exchange and heart rate 
Heart rate was measured continuously (Polar RS400, Polar Electro Oy, Kempele, Finland). 
Breath-by-breath pulmonary gas-exchange data were collected continuously throughout each 
experimental test (Oxycon Pro, Jaeger, Hoechberg, Germany) and mean V̇O2 was calculated for 
each half. 
 
Blood analysis 
All blood samples were collected into lithium-heparin vacutainers (Becton-Dickinson, New 
Jersey, USA). 200 μL of blood was immediately extracted and haemolysed in 200 μL of Triton 
X-100 solution (Triton X-100, Amresco, Salon, OH) before blood [lactate] and [glucose] were 
measured (YSI 2300, Yellow Springs Instruments, Yellow Springs, OH). The remaining whole 
blood from each sample was centrifuged at 4000 rpm for 8 min at 4 ºC within 2 min of 
collection. Plasma was immediately extracted and a portion analysed to determine [K+] and 
[Na+] (9180 Electrolyte Analyzer, F. Hoffmann-La Roche, Basel, Switzerland). The remaining 
plasma was immediately frozen at -80 ºC and subsequently analysed for [NO2
-] and [NO3
-] 
using a modification of the chemiluminescence technique described by Wylie et al. (2013b). 
 
Cognitive assessment 
Subjects were asked to complete cognitive tasks 15 min before, at 7.5 min during the half-time 
interval and at 15 min following the IST, as well as during each 100 s active recovery period 
of the IST. The cognitive tasks were computerised and delivered using E-Prime® 2.0 
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(Psychology Software Tools, Inc. 2013). Each task was presented on a computer screen 
positioned at eye level and subjects were instructed to respond using a custom-built handlebar-
mounted control button box. The tasks to be completed during each active rest period alternated 
between Stroop and Decision-Reaction tests. The duration of each cognitive task was 90 s.  In 
total, 18 cognitive tasks were presented during each half; 9 Stroop and 9 Decision-Reaction 
tests. 
 
Stroop test. The Stroop test has been used widely in previous research because of its ability to 
assess information processing speed, executive abilities and selective attention (Pachana et al. 
2004). A series of text strings were presented consisting of either neutral form ‘XXXX’ or 
words representing colours ‘RED’, ‘YELLOW’, ‘GREEN’ or ‘BLUE’. Each string was 
presented in turn against a dark background and in a font colour of red, yellow, green or blue. 
Subjects were instructed to press the appropriately coloured button on the control box that 
corresponded to the colour the text was written in. Tasks were presented in a random order 
evenly distributed between neutral, congruent (the word and font colour matched) and 
incongruent (the word and font colour did not match) conditions with 12 cases of each 
presented within every exercise block. Subjects were instructed to respond as quickly and as 
accurately as possible with reaction time and accuracy recorded. 
 
Decision-Reaction test. Variations of this task have been previously used to study the 
relationship between nutrient intake and information processing speed (Durlach et al. 2002, 
Irwin et al. 2013). Black arrows pointing either to the left or right of the screen were presented, 
either on the left or right of a white background. At the top of the screen a categorisation header 
was simultaneously presented which read either ‘LOCATION’ or ‘DIRECTION’. In the case 
of the former, subjects were instructed to press a button on the left or right of the control box 
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dependent upon the location the arrow appeared. In the case of the latter, the choice of 
appropriate button was based upon the direction the arrow was pointing. For example, an arrow 
appearing on the left side of the screen with the header of ‘LOCATION’ prompted subjects to 
press the left button on the control box irrespective of the direction of the arrow, whereas an 
arrow pointing to the left appearing with the header ‘DIRECTION’ prompted subjects to press 
the left button irrespective of the location of the arrow. Tasks were presented in a random order 
evenly distributed between congruent (the arrow direction and location matching) and 
incongruent (the arrow direction and location not matching) conditions with 16 cases of each 
presented within every exercise block. As with the Stroop test, subject accuracy and reaction 
times were recorded. 
 
Statistical analysis 
Two-way, repeated-measures ANOVAs (supplement x time) were used to analyse the 
difference in work done, blood and plasma variables and reaction time and response accuracy 
to the cognitive tasks during the IST as well as the cognitive tasks performed before, at half 
time and following the IST. Mean HR, V̇O2, total work done, and mean reaction time and 
response accuracy to the cognitive tasks during each half were analysed using paired-samples 
t tests. Initially, both cognitive tasks were considered together, but in the event of significant 
differences arising, the Stroop and Decision-Reaction results were assessed separately. If 
significant differences were subsequently found for either test, further subdivision of results 
obtained during exercise for that specific test were undertaken examining results from the first, 
middle and last third of each exercise half. Relationships between differences in plasma [NO2
-
] and differences in total work done were analysed using Pearson product-moment correlation 
coefficients. Significant main and interaction effects were followed up using simple contrasts. 
All values are reported as mean ± SD.  Statistical significance was accepted at P < 0.05. 
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Results 
Plasma [NO2
-] and [NO3
-] 
There were significant main effects by supplement and time, and an interaction effect on the 
plasma [NO2
-] (P < 0.001). Averaged across all measurement time points, [NO2
-] was ~ 343% 
greater in BR compared to PL. At resting baseline, the plasma [NO2
-] was 360 ± 118 nM in BR 
and 102 ± 82 nM in PL (P < 0.001). Relative to baseline, plasma [NO2
-] declined following the 
first half (by 109 ± 126 nM; P < 0.05) and second half (by 111 ± 126 nM; P<0.05) of the IST 
in BR (Fig. 2). However, following a 15-min period of recovery at the end of each half, plasma 
[NO2
-] was restored to baseline values in BR (Fig. 2). There was a significant main effect by 
supplement on plasma [NO3
-] (P < 0.05). Averaged across all measurement time points, [NO3
-
] was ~ 940% greater in BR than in PL. At resting baseline, [NO3
-] was 360 ± 78 μM in BR 
and 37 ± 60 μM in PL (P < 0.001). Relative to baseline, [NO3-] rose in BR following the 10 
min warm up (by 40 ± 55 μM; P < 0.05) but was unchanged throughout the remainder of the 
test in BR. In PL, [NO3
-] was significantly greater than baseline following 15-min recovery at 
the end of the first (P < 0.05) and second (P < 0.05) halves (Fig. 2). 
 
IST performance  
There was no significant difference in mean V̇O2 between conditions in the first half (BR: 2.57 
± 0.33 vs. PL: 2.60 ± 0.40 L·min-1) or the second half of the IST (BR: 2.57 ± 0.38 vs. PL: 2.56 
± 0.41 L·min-1). There were also no differences in blood [lactate], blood [glucose], plasma 
[Na+], plasma [K+] or heart rate at any time point during each half. 
 
Total work done during the sprints of the IST was ~ 3.5% greater in BR (123 ± 19 kJ) compared 
to PL (119 ± 17 kJ; P < 0.05). There was a significant interaction effect (supplement by sprint 
number) on work done during the first (BR: 63 ± 20 vs. PL: 60 ± 18 kJ; P<0.05), but not the 
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second (BR: 60 ± 17 vs. PL: 59 ± 16 kJ; P > 0.05) half of the IST. Specifically, subjects 
completed significantly more work in 5 of 20 first half 6-s sprints in BR compared to PL (P < 
0.05; Fig. 3). There were no significant differences in total work done between the first and 
second halves within either condition. There was a negative correlation between the difference 
in total work done following BR compared to PL and the change in plasma [NO2
-] from 
baseline to end-exercise in the first (r = -0.69, P < 0.05) but not the second (r = -0.15) half of 
the IST.  
 
Cognitive performance 
Reaction time of response to the cognitive tasks in the second half of the IST was shorter in 
BR (817 ± 86 ms) compared to PL (847 ± 118 ms), (P < 0.05; Fig. 4).  There was no difference 
in reaction time in the first half between BR (820 ± 96 ms) and PL (824 ± 114 ms). The mean 
decline in speed of reaction between the first and second half in PL (P < 0.05) was offset in the 
BR group by ~ 25 ms corresponding to a 3% improvement in reaction time (P < 0.05). 
Accuracy of the response was not different between BR and PL (BR: first half: 6.9 ± 6.1 vs. 
second half: 7.7 ± 7.3; PL first half: 7.3 ± 5.8 vs. second half: 7.1 ± 5.9 incorrect responses; P 
> 0.05; Fig. 4). There were no significant differences in reaction time or response accuracy 
within conditions in the cognitive tasks performed before, at half time, and following the IST.  
 
Performances in the Decision-Reaction and Stroop tasks were also assessed separately. For the 
Decision-Reaction task, no significant difference was found between BR and PL for the 
changes in reaction time between the second and first half of the IST (BR first half: 770 ± 135 
vs. second half: 769 ± 128 ms; PL first half: 784 ± 161 vs. second half: 794 ± 156 ms). For the 
Stroop test, however, there was a significant difference between BR and PL in the changes in 
reaction time between the second and first half of the IST (BR first half: 869 ± 80 vs. second 
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half: 865 ± 70 ms; PL first half: 864 ± 91 vs. second half: 896 ± 93 ms; P < 0.05). The Stroop 
test analysis was further extended to assess reaction time changes between each half of the IST 
for the first, middle and last thirds. This analysis revealed a significant difference for the final 
third of each half of the IST only, with an improvement of 44 ms for the second half relative 
to the first half for BR relative to PL (P < 0.05). 
 
Discussion 
There were two original findings to this study. Firstly, 7 days of dietary NO3
- supplementation 
in the form of BR improved total work done during an intermittent sprint protocol which was 
designed to reflect the dynamic work profile of team sport play. Secondly, BR supplementation 
significantly improved reaction time of response to the cognitive tasks without altering 
response accuracy. These findings suggest that BR can serve as an effective ergogenic aid in 
team sports involving repeat sprint-recovery cycles and may also attenuate the decline in 
cognitive function (specifically decision-making reaction time) that typically occurs over time 
during prolonged intermittent exercise. 
Influence of dietary nitrate supplementation on repeated sprint performance 
Several previous studies have reported that short-term BR supplementation extends time to 
exhaustion at fixed sub-maximal exercise intensities (e.g., Bailey et al. 2010a, b; Lansley et al. 
2011) and, more recently, high-intensity intermittent exercise performance (Wylie et al. 
2013a). However, the influence of BR supplementation on prolonged intermittent exercise 
which better reflects the duration and changes of intensity of team sports, i.e. all-out efforts 
interspersed with extended recovery periods of variable intensity, has not been previously 
investigated. To assess the utility of BR supplementation in this regard, we used an extension 
of a previously described intermittent sprint test performed on a cycle ergometer (Bishop and 
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Claudius 2005) in which the repeat sprint-recovery cycles characterise the typical performance 
profile of team sport athletes (Spencer et al. 2004). A key advantage of the IST is that it permits 
physical and cognitive challenges to be applied simultaneously in a controlled fashion, 
although it is acknowledged that the test does not reflect other characteristics of team sports.   
It has been reported that NO3
- supplementation can improve the efficiency of muscular work 
during sub-maximal exercise by reducing V̇O2, an effect which may be related to a reduced O2 
cost of mitochondrial ATP resynthesis (Larsen et al. 2011) and/or to a lower ATP cost of 
muscle contraction (Bailey et al. 2010a). In the present study, V̇O2 in the IST was not different 
with BR compared to PL. The lack of effect on V̇O2 with BR in the present study may be 
explained, in part, by the regular fluctuations in exercise intensity (i.e. non-steady-state 
conditions prevailed), as well as the differences in work done between conditions. The 
ergogenic basis for the improved sprint performance observed with BR may be better explained 
by factors unrelated to changes in the efficiency of oxidative metabolism. 
The present findings indicate that 7 days of BR supplementation improved total work done in 
the IST. This is consistent with some (Bond et al. 2012; Wylie et al. 2013a) but not all 
(Christensen et al. 2013; Martin et al. 2014; Muggeridge et al. 2013) previous findings. The 
explanation for these contrasting results is unclear; however, these studies differed in terms of 
the dose and duration of BR supplementation, the nature of the exercise test, and the training 
status of the participants. Further studies are therefore required to determine the effectiveness 
of BR ingestion in other situations involving intermittent exercise performance.  
Hernandez et al. (2012) reported increased expression of the Ca2+ handling proteins, 
calsequestrin and dihydropyridine, in type II skeletal muscle of mice supplemented with 
sodium nitrate for 7 days. These changes were associated with increased myoplasmic free Ca2+ 
and improved type II muscle force production at 100 Hz stimulation compared to mice 
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receiving placebo (Hernandez et al. 2012). Recently, Haider and Folland (2014) reported 
enhanced electrically evoked explosive force and peak force production at low frequencies of 
stimulation in untrained humans following 7 days of BR supplementation. Although voluntary 
explosive and maximal force production were unaltered by BR, the authors suggested that the 
subtle changes observed in contractile function may be beneficial for other types of voluntary 
contractile activity (Haider and Folland 2014). Coggan et al. (2014) have recently reported that 
acute BR ingestion significantly improved calculated maximal knee extensor power and 
velocity as measured using isokinetic dynamometry. Given the importance of type II muscle 
fibres in the performance of high-intensity intermittent exercise (Krustrup et al. 2006), the 
effects of BR on the contractile function of type II muscle may be an important mechanistic 
determinant of the improved sprint performance observed in the present study. BR 
supplementation has also been shown to alter vascular conductance and to elevate 
microvascular PO2 in rats (Ferguson et al. 2013, 2014). Specifically, the elevated PO2 in the 
microvasculature of type II muscle fibres improves the capillary-myocyte driving pressure for 
O2 exchange, thus enhancing oxidative function (Ferguson et al. 2013, 2014). It is possible that 
elevated O2 delivery and microvascular PO2, especially in type II fibres, contributed to the 
enhanced sprint performance observed with BR compared to PL in the present study.  
Influence of dietary nitrate supplementation on cognitive performance 
It is well established that, during high-intensity exercise, cognitive abilities diminish and 
mental fatigue develops (Fery et al. 1997; Iadecola 1993; Reilly and Smith 1986). Given that 
dietary NO3
- has been shown to improve neurovascular coupling in response to visual stimuli 
(Aamand et al. 2013), and also cerebral perfusion (Haskell et al. 2011; Rifkind et al. 2007) 
specifically to areas responsible for executive function (Presley et al. 2011), we hypothesised 
that, compared to PL, BR supplementation would improve reaction time and accuracy in the 
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cognitive tasks completed during the IST.  Reaction time and response accuracy were measured 
using cognitive tests validated for the assessment of information processing speed, executive 
abilities and selective attention (Pachana et al. 2004; Durlach et al. 2002, Irwin et al. 2013).  
The results of the present study indicate that BR supplementation attenuated the decline in 
reaction time in the second half compared to the first half of the IST which was observed with 
PL. There was no difference in response accuracy between conditions. However, although 
significant overall improvements in reaction times were observed, when the two cognitive tests 
employed were examined separately, a significant effect was only observed for the Stroop test. 
This may arise from the Stroop test placing a greater strain on an individual’s limited 
processing capacity (Besnar and Roberts 2005). Thus, BR may protect against fatigue-related 
reductions in processing capacity when tasks with large cognitive loads are undertaken. From 
an examination of the temporal changes seen within the Stroop test, it was evident that the 
greatest improvement in reaction time with BR compared to PL occurred in the final third of 
each of the two halves of the IST, when any fatigue-related decrement in performance may be 
expected to be greatest (Fery et al. 1997).  
The nitrate-nitrite-NO pathway may be particularly important in hypoxia and at low tissue pH 
when the activity of the O2-dependent nitric oxide synthase (NOS) pathway is reduced 
(Lundberg et al. 2008). BR supplementation may permit greater stability of NO-linked cerebral 
processes including neurotransmission, vasodilation and neurovascular coupling (Aamand et 
al. 2013; Iadecola 1999, Rifkind et al. 2007) during situations when NOS activity might be 
compromised. Indeed, improved regional brain perfusion (Presley et al. 2011) and a reduced 
cerebral O2 cost of mental processing without decrements in exercise performance (Thompson 
et al. 2014) have been reported following NO3
- supplementation. In light of these earlier 
findings (Presley et al. 2011; Thompson et al. 2014), it is possible that the difference in 
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response time between BR and PL in the present study may be related to differences in cerebral 
oxygenation between conditions. It is well known that the hyperventilation that attends high-
intensity intermittent exercise will drive down PaCO2 and that this could, in turn, lead to 
vasoconstriction and compromised cerebral blood flow (Secher et al. 2008). Mechanistically, 
it is possible that BR acts in opposition to this and facilitates a better maintenance of adequate 
oxygenation to support cerebral function. From a practical perspective, a novel and potentially 
important result of the present study is that the decline in cognitive task performance, 
specifically speed of decision-making, associated with prolonged intermittent exercise, may be 
offset by BR supplementation. 
Influence of dietary nitrate supplementation on plasma [NO2
-] and [NO3
-] 
Seven days of BR supplementation elevated baseline plasma [NO2
-] and [NO3
-] by ~ 350% and 
~ 975%, respectively. The percentage increases in plasma [NO2
-] and [NO3
-] reported herein 
were approximately double the values reported in some previous studies using NO3
--rich BR 
(Bailey et al. 2010a, b; Lansley et al. 2011b; Wylie et al. 2013a). This likely reflects the fact 
that the dose of NO3
- administered (~ 12.8 mmol/day) was also substantially greater than in 
most previous studies, and supports previous observations on the dose-dependent relationship 
between NO3
- supplementation and plasma [NO2
-] and [NO3
-] (Wylie et al. 2013b). The effects 
on cognitive function and sprint performance during intermittent exercise following smaller or 
larger doses of NO3
- remain to be investigated.  
Interestingly, plasma [NO2
-] decreased during both the first and second half of the IST, which 
is consistent with previous findings (Dreissigacker et al. 2010, Wylie et al. 2013a). The 
difference in plasma [NO2
-] from baseline to end-exercise was correlated with differences in 
total work done in the first, but not the second half, of the IST. These findings support the 
notion that plasma NO2
- acts as a reservoir for NO production during conditions of low O2 
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availability and pH, such as high-intensity intermittent exercise, when NOS activity may be 
reduced (Lundberg et al. 2010). However, both absolute and relative changes in plasma [NO2
-
] and [NO3
-] during exercise and recovery are difficult to interpret due to likely changes in the 
relative activity of the NOS-dependent and NOS-independent NO production pathways (Kelly 
et al. 2014). In this regard, plasma [NO2
-] may be considered to be both a precursor to and a 
product of NO synthesis.   
Conclusions 
Relative to PL, BR supplementation improved sprint performance during the IST. Moreover, 
reaction time to the cognitive tasks in the second half of the IST was improved with BR 
compared to PL with no difference in response accuracy. These findings suggest that BR 
enhances repeated sprint performance and may attenuate the decline in decision-making 
reaction time that typically occurs over time during prolonged intermittent exercise which is 
characteristic of many team sports. 
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FIGURE LEGENDS 
Figure 1: Schematic of one ‘half’ of the intermittent sprint test. Each 40-min half was separated 
into 2-min blocks (6-s ‘all-out’ sprint, 100 s of active rest and 14 s of passive rest). On two 
occasions subjects performed 5 x 4 s sprints separated by 16 s of active rest. A 15-min period 
was given as ‘half-time’. Note that the figure is not to scale. 
Figure 2: Plasma [NO2
-] decreased significantly following each half in BR (closed circles) but 
not in PL (open circles) (a). Plasma [NO3
-] in BR (closed circles) rose 11 % during the warm 
up but remained unchanged relative to baseline throughout the IST (b). In PL (open circles), 
[NO3
-] rose by 24 % following 15-min rest at the end of the first half and by 21 % following 
15 min rest at the end of the second (b). * P < 0.05 compared to PL; # P < 0.05 compared to 
baseline. 
Figure 3: Total work completed (kJ) for each 6-s sprint during the first (a) and the second (b) 
half of the ICT for BR (black bars) and PL (grey bars). Error bars indicate the SE. * denotes 
statistical significance between condition (P < 0.05). 
Figure 4: Combined cognitive task (Stroop and Decision-Reaction) performance in the 1st half 
vs. 2nd half. a Reaction time in the second half was improved in BR (black bars) relative to 
PL (grey bars) (P < 0.05). b There were no differences in accuracy of response between 
conditions. Error bars indicate the SE. Asterisks denotes statistical significance between 
condition (P < 0.05). 
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ABSTRACT 
The influence of dietary nitrate (NO3
-) supplementation on indices of maximal sprint and 
intermittent exercise performance is unclear. Purpose: To investigate the effects of NO3
- 
supplementation on sprint running performance, and cognitive function and exercise 
performance during the sport-specific Yo-Yo Intermittent Recovery level 1 test (IR1). 
Methods: In a double-blind, randomised, crossover study, 36 male team-sport players received 
NO3
--rich (BR; 70 mL·day-1; 6.4 mmol of NO3
-), and NO3
--depleted (PL; 70 mL·day-1; 0.04 
mmol NO3
-) beetroot juice for 5 days. On day 5 of supplementation, subjects completed a series 
of maximal 20-m sprints followed by the Yo-Yo IR1. Cognitive tasks were completed prior to, 
during and immediately following the Yo-Yo IR1.  Results: BR improved sprint split times 
relative to PL at 20 m (1.2%; BR 3.98±0.18 vs. PL 4.03±0.19 s; P<0.05), 10 m (1.6%; BR 
2.53±0.12 vs. PL 2.57±0.19 s; P<0.05) and 5 m (2.3%; BR 1.73±0.09 vs. PL 1.77±0.09 s; 
P<0.05). The distance covered in the Yo-Yo IR1 test improved by 3.9% (BR 1422±502 vs. PL 
1369±505 m; P<0.05). The reaction time to the cognitive tasks was shorter in BR (615±98 ms) 
than PL (645±120 ms; P<0.05) at rest but not during the Yo-Yo IR1. There was no difference 
in response accuracy. Conclusions: Dietary NO3
- supplementation enhances maximal sprint 
and high-intensity intermittent running performance in competitive team sport players. Our 
findings suggest that NO3
- supplementation has the potential to improve performance in single-
sprint or multiple-sprint (team) sports.  
 
Key Words: nitric oxide, beetroot juice, running speed, cognitive performance  
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INTRODUCTION 
Nitric oxide (NO) is a gaseous signalling molecule that regulates several physiological 
processes that are important to exercise performance, including vasodilation, mitochondrial 
respiration and skeletal muscle contractility (Stamler and Meissner, 2001; Umbrello et al. 
2013). NO can be generated through the nitric oxide synthase (NOS)-catalysed oxidation of L-
arginine and through the O2-independent, one-electron reduction of nitrite (NO2
-).  The 
reduction of NO2
- to NO is enhanced in hypoxia and acidosis (Lundberg et al. 2008; van 
Faassen et al. 2009) and, since contracting skeletal muscles become increasingly hypoxic and 
acidic during exercise, NOS activity may be reduced and NO2
- reduction may become an 
increasingly important source of NO during exercise (Lundberg and Weitzberg 2010). 
Increasing plasma [NO2
-] via NO3
- supplementation has been reported to improve muscle 
oxygenation (Bailey et al. 2009; Masschelein et al. 2012), muscle metabolic efficiency (Bailey 
et al. 2010; Larsen et al. 2011; Fulford et al. 2013) and contractile function (Hernandez et al, 
2012; Haider and Folland et al. 2014; Coggan et al. 2015), and to improve endurance exercise 
capacity at least in participants that are not highly trained (Bailey et al. 2009; Lansley et al. 
2011; Cermak et al. 2012). 
Recent evidence suggests that NO3
- supplementation has the potential to preferentially enhance 
physiological responses in type II (fast-twitch), compared to type I (slow-twitch), skeletal 
muscle (Jones, 2014a).  Indeed, increased calcium handling proteins and contractile force has 
been observed in type II, but not type I, mouse skeletal muscle after NO3
- supplementation 
(Hernandez et al. 2012).  In addition, NO3
- supplementation increased hind limb blood flow 
during exercise in rats, with this additional bulk blood flow being selectively directed towards 
type II muscle fibres (Ferguson et al. 2013). Human studies suggest that NO3
- supplementation 
can increase evoked explosive force production (Haider and Folland. 2014) and maximal 
voluntary power production (Coggan et al. 2015) in the knee extensors, and can increase 
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maximal sprint cycling power output (Rimer et al. 2015) and 180 m sprint running performance 
(Sandbakk et al., 2015).  However, while these findings suggest that NO3
- supplementation has 
the potential to improve sprinting performance, the effects of NO3
- supplementation on sprint 
running performance over short distances that reflect those exhibited during team sports match-
play (10-20 m; Spencer et al. 2004; 2005) have yet to be investigated. 
The activity pattern during team sports, such as football, rugby and hockey, is characterised by 
short-duration bouts of high-intensity exercise interspersed with brief recovery periods 
(Spencer et al. 2004).  Since this pattern of high-intensity intermittent exercise is associated 
with significant type II muscle recruitment (Krustrup et al. 2006) and, since NO3
- 
supplementation can enhance physiological processes in type II muscle (Hernandez et al. 2012; 
Ferguson et al. 2013), NO3
- supplementation has the potential to enhance team-sport-specific 
high-intensity intermittent exercise performance. Consuming a very large NO3
- dose (29 mmol) 
over 36 hours prior to exercise was shown to improve performance during the Yo-Yo 
intermittent recovery level 1 test (Yo-Yo IR1; Wylie et al. 2013a), a well-established and 
ecologically valid test widely used to mimic the high-intensity running bouts of football match-
play (Bangsbo et al. 2008). Performance can also be improved in short-duration intermittent 
cycling sprints after supplementation with a large NO3
- dose (~8-13 mmol NO3
- per day, over 
3-7 days; Thompson et al. 2015; Wylie et al. 2016), but not with acute consumption of a small 
NO3
- dose (~5 mmol NO3
- per day; Martin et al., 2014). However, the effects of short-term 
supplementation with a moderate NO3
- dose on performance during a team-sport-specific 
intermittent performance test (i.e., a supplementation procedure that has been shown to be 
effective at improving continuous endurance exercise performance (Bailey et al. 2009; 2010; 
Lansley et al. 2011; Vanhatalo et al. 2010)), remains to be determined.    
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The ability to make quick and accurate decisions whilst simultaneously performing high-
intensity running exercise is a key determinant of team sport performance. It has been reported 
that acute low dose (~5 mmol) NO3
- ingestion can increase resting brain blood flow and 
improve resting cognitive performance (Wightman et al. 2015), and that NO3
- supplementation 
(12.8 mmol NO3
- per day for 7 days) can improve reaction time to cognitive tasks during 
prolonged intermittent sprint-cycling (Thompson et al. 2015). However, the effect of NO3
- 
supplementation on cognitive performance during an exercise test that simulates the movement 
patterns of team sport match-play has not been investigated. 
The purpose of this study was to assess the effects of NO3
- supplementation on team-sport-
specific exercise performance variables and cognitive function before, during and after a Yo-
Yo IR1 test. We hypothesised that, compared to a placebo supplement, NO3
- supplementation 
would: 1) improve sprint running performance; and 2) improve exercise and cognitive 
performance during a Yo-Yo IR1 test.  
METHODS 
Subjects 
Thirty-six male team-sport players from local football, rugby and hockey teams (mean ± SD: 
age 24 ± 4 years, height 1.80 ± 0.07 m, body mass 80 ± 10 kg) volunteered to participate. The 
subjects trained (5-10 hours per week) and participated regularly in university and local league 
competitions. None of the subjects were supplementing their diet with any putative ergogenic 
aid for 6 months prior to the start of the study. Following an explanation of the experimental 
procedures, associated risks, potential benefits and likely value of possible findings, subjects 
gave their written informed consent to participate. The study was approved by the Institutional 
Research Ethics Committee and conformed to the code of ethics of the Declaration of Helsinki. 
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Experimental design 
Subjects initially visited the laboratory to be screened and familiarized to the testing 
procedures. This included the Yo-Yo intermittent recovery level 1 test (Yo-Yo IR1) until task 
failure, 20 m sprint efforts and the computer-based cognitive tasks. The total distance covered 
in the Yo-Yo IR1 test was used to calculate the subject’s 75% distance which served as a time-
point for cognitive assessment in the experimental visits. In a double-blind, randomized, 
crossover design, subjects were then assigned to receive NO3
--rich beetroot juice (BR) and a 
NO3
--depleted beetroot juice (PL) for 5 days with a wash-out period of 7 days separating the 
two supplementation periods. On day 5 of each supplementation period, subjects completed 
the experimental protocol. 
 
Experimental visits were scheduled at the same time of day (± 2 h). Subjects were instructed 
to record their diet during the 24 h preceding the first experimental visit and to repeat this prior 
to the second visit. They were not specifically asked to refrain from the consumption of high-
NO3
- foods. Subjects were also instructed to arrive at the laboratory ≥3 h post-prandial, having 
avoided strenuous exercise and the consumption of alcohol in the 24 h preceding, and caffeine 
in the 8 h preceding, each experimental visit. For the duration of the study, subjects were asked 
to refrain from taking other dietary supplements, and also to avoid using antibacterial 
mouthwash as this inhibits the reduction of NO3
- to NO2
- in the oral cavity by eliminating 
commensal bacteria (Govoni et al. 2008).  
 
Supplementation 
Following the initial screening and familiarization visit, subjects were allocated to receive 
concentrated NO3
--rich beetroot juice (BR; beetroot juice; ~6.4 mmol of NO3
- per 70 mL; Beet 
it, James White Drinks Ltd., Ipswich, UK) or NO3
--depleted beetroot juice placebo (PL; 
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placebo beetroot juice; ~0.04 mmol NO3
- per 70 mL; Beet it, James White Drinks Ltd., Ipswich, 
UK) in a double-blind, randomized, crossover design. Subjects consumed 1 x 70 mL of their 
allocated supplement each day for 5 days and recorded the timing of each supplement. 
Consumption of each supplement was communicated to the research team via text or email. 
Compliance to the supplementation regimen was also assessed via questionnaires during each 
experimental visit.  On the day of each experimental visit, subjects consumed 1 x 70 mL of 
their allocated daily supplement 2.5 hours prior to arriving at the laboratory and commencing 
the exercise tests.  
 
Exercise protocol 
All exercise tests were performed indoors on a wooden surface on running lanes 2 m wide and 
20 m long. During experimental visits, subjects first completed five running sprints from a 
stationary start as quickly as possible over a distance of 20 m. Each sprint was separated by a 
period of 30 s walking recovery. Subjects began each sprint with the left foot positioned on a 
starting jump mat (Smartspeed, Fusion Sports, Australia). A timing gate system (Smartspeed, 
Fusion Sports, Australia) positioned at 0, 5, 10 and 20 m provided a randomly timed (between 
1 and 4 s) flashing light and buzzer sound as stimuli to start each sprint. Reaction time to the 
stimuli, as well as 5, 10 and 20 m split times were recorded. Following a 5-min period of 
passive recovery, participants completed the Yo-Yo IR1 test until failure. The Yo-Yo IR1 test 
consisted of running repeated 2 x 20 m intervals, back and forth between the start, turn and 
finish markers at progressively increasing speeds indicated by audio bleeps from a portable 
audio device (see Krustrup et al. 2003). Each 2 x 20 m interval was separated by a 10 s active 
recovery period in which subjects would jog 2 x 5 m indicated by a marker placed behind the 
finishing line. When subjects failed twice to reach the finishing line at the time of the respective 
bleep, distance covered was recorded and used as the test result. Prior to, immediately 
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following, and at 75% of the total distance covered in the familiarisation trial, subjects 
completed a computerised Stroop test (see “cognitive assessment”). 
 
Measurements 
Blood analysis and blood pressure 
Upon arrival at the laboratory, a single resting blood sample (~ 4 mL) was drawn from an 
antecubital vein into a lithium-heparin tube (Vacutainer, Becton-Dickinson, NJ, USA). The 
sample was centrifuged for 8 min at 4,000 rpm and 4°C within 2 min of collection, and the 
plasma was then extracted and stored at −80°C for later determination of [NO3−] and [NO2−] 
using a modified chemiluminescence technique as previously described (Wylie et al. 2013b). 
Then, following 10 min seated rest in a quiet room, three measurements of blood pressure were 
recorded using an automated sphygmomanometer (Dinamap Pro: GE Medical Systems, 
Tampa, FL). 
 
Cognitive assessment 
Subjects were asked to complete a Stroop test before, at 75% maximal distance and 
immediately following the Yo-Yo IR1 test. The Stroop test was delivered using E-Prime® 2.0 
(Psychology Software Tools, Inc. 2013) and presented on a laptop screen positioned at the 
finish line marker of the Yo-Yo IR1 test. Subjects were instructed to respond as quickly and as 
accurately as possible to a series of text stings, as previously described (Thompson et al. 2015), 
using a custom-made keyboard with response reaction time and accuracy recorded. The 
duration of each Stroop test was 90 s. When the Stroop test was administered at 75% maximal 
distance in the Yo-Yo IR1 test, exercise was discontinued for exactly 2 min to allow sufficient 
time for the subject to position himself for the start of the Stroop test and to return to start 
position for the resumption of the Yo-Yo IR1 test.   
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Statistical analysis 
Differences between PL and BR in resting plasma [NO3
−] and [NO2
−] were analysed using a 
one-way ANOVA. Differences between PL and BR in distance covered during the Yo-Yo IR1 
test, blood pressure and mean sprint reaction and performance times were analysed using 
paired-samples t-tests. Differences between PL and BR in reaction time and response accuracy 
to the Stroop tests before, during and after YoIR1 were analyzed using two-way, repeated-
measures ANOVAs (supplement × time). Significant main and interaction effects were 
followed up with Fisher’s LSD post hocs. Relationships between performance in PL and 
changes in performance following BR were analyzed using Pearson product moment 
correlation coefﬁcients. All values are reported as mean ± SD.  Statistical significance was 
accepted at P < 0.05. 
 
RESULTS 
The BR and PL treatments were well tolerated by the subjects and no adverse events were 
noted during the course of the study. The subjects reported that they complied fully with the 
supplementation protocol and with the instruction to record their diet during the 24 h preceding 
the first experimental visit and to replicate this prior to the second visit. 
Blood pressure, plasma [NO2
-] and [NO3
-] 
Compared to baseline, resting plasma [NO3
-] was elevated by 8-fold following BR (baseline: 
41 ± 20 vs BR: 334 ± 95 μM; P<0.01) but unaltered by PL (44 ± 16 μM M; P>0.05) (Fig. 1A). 
Resting plasma [NO3
-] was greater in BR compared to PL (P<0.05).  Compared to baseline, 
resting plasma [NO2
-] was elevated following BR (baseline: 64 ± 26 vs BR: 222 ± 130 nM; 
P<0.01) but unaltered following PL (68 ± 40 nM; P>0.05) (Fig. 1B). Resting plasma [NO2
-] 
was greater compared to PL (P<0.01). Systolic BP was lower following BR supplementation 
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(BR 117 ± 7 vs. PL 119 ± 8 mmHg; P<0.05). There was also a trend for a reduction in MAP 
following BR compared to PL (BR 79 ± 15 vs. PL 81 ± 15 mmHg; P=0.08). There was no 
significant difference between BR and PL in diastolic BP (BR 64 ± 6 vs. PL 65 ± 6 mmHg; 
P>0.05). 
 
Sprint performance 
Compared to PL, 20 m sprint time was improved by 1.2% following BR supplementation (BR 
3.98 ± 0.18 vs. PL 4.03 ± 0.19 s; P<0.05; Fig. 2). Moreover, there was a 2.3% and a 1.6% 
improvement in 5 m (BR 1.73 ± 0.09 vs. PL 1.77 ± 0.09 s; P<0.05) and 10 m (BR 2.53 ± 0.12 
vs. PL 2.57 ± 0.12 s; P<0.05) split times, respectively (Fig. 2). Compared to PL, there was also 
a significant improvement in 5-10 m split time following BR (BR 0.80 ± 0.04 vs. PL 0.81 ± 
0.04 s; P<0.05), but not 10-20 m split time (BR 1.45 ± 0.07 vs. PL 1.46 ± 0.09 s; P>0.05). 
There was a weak but significant negative correlation between sprint performance in PL and 
the change in sprint performance observed following BR supplementation over 5 m (r = -0.39; 
P<0.05), 10 m (r = -0.35; P<0.05) and 20 m (r = -0.37; P<0.05). There was no difference 
between BR and PL in reaction time (BR 0.33 ± 0.19 vs. PL 0.38 ± 0.21 s; P>0.05; Fig. 2). 
There was no effect of testing order on sprint performance (P>0.05). 
 
Yo-Yo IR1 performance 
Compared to PL, the distance covered in the Yo-Yo IR1 test was 3.9% greater following BR 
supplementation (BR 1422 ± 502 vs. PL 1369 ± 505 m; P<0.05; Fig. 3). There was no effect 
of testing order on Yo-Yo IR1 test performance (P>0.05). 
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Cognitive performance 
The overall response time to the Stroop tasks was shorter in BR (612 ± 102 ms) compared to 
PL (628 ± 103 ms; P<0.05) corresponding to a 2.6% improvement in speed of reaction. 
Specifically, the greatest improvement in reaction time between BR and PL was observed 
during the cognitive tests performed at rest (BR: 615 ± 98 ms vs PL: 645 ± 120; P<0.05). There 
were no significant improvements in reaction time between BR and PL at the 75% distance 
(BR: 612 ± 104 vs. PL: 621 ± 92 ms; P>0.05) or at exhaustion (BR: 608 ± 106 vs. PL: 619 ± 
97 ms; P>0.05) during the Yo-Yo IR1 test.  The overall accuracy of response was not different 
between BR (34.7 ± 1.4 correct responses) and PL (34.6 ± 1.5 correct responses) (P>0.05) and 
there were no differences at any specific time point.  
 
DISCUSSION 
The main original finding of this study was that short-term dietary NO3
- supplementation 
improved all-out sprint running performance over distances (5 m, 10 m and 20 m) typically 
covered by team sports athletes during match-play. We have also confirmed that dietary NO3
-
supplementation can improve performance in the team-sport-specific Yo-Yo IR1 test. Finally, 
our findings indicate that NO3
- supplementation improves decision-making reaction time for 
the same response precision at rest, but not during or following team-sport-specific high-
intensity intermittent exercise. Therefore, these findings indicate that short-term dietary NO3
- 
supplementation can improve performance during short-duration maximal sprint running and 
high-intensity intermittent running, and support the notion that NO3
- supplementation might 
enhance team sport performance. 
 
Both plasma [NO3
-] and [NO2
-] were elevated following 5 days of NO3
- supplementation in 
this study, consistent with previous studies (Larsen et al. 2006; Webb et al. 2008; Bailey et al. 
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2009; Vanhatalo et al. 2010). A greater circulating plasma [NO2
-] after short-term dietary NO3
- 
supplementation would increase substrate for NO synthesis during exercise.  The lower systolic 
BP reported in this study is also consistent with many (Webb et al. 2008; Kapil et al. 2010; 
Vanhatalo et al. 2010), but not all (Larsen et al.  2006), previous studies and supports the notion 
of NO-mediated or NO2
--mediated physiological signaling after dietary NO3
- supplementation. 
Therefore, the imposed dietary NO3
- intervention was successful at increasing systemic [NO2
-
] and the potential for O2-independent NO generation.     
 
The effect of BR on maximal sprint running performance 
Although previous studies have reported improved maximal sprint cycling performance (Rimer 
et al. 2015; Thompson et al. 2015) and 180 m sprint running performance (Sandbakk et al. 
2015) after NO3
- supplementation, our study is the first to demonstrate that NO3
- 
supplementation can improve performance during 5, 10 and 20 m sprint running by ~1-2%.  
This finding is important since it suggests that NO3
- supplementation can improve sprint 
performance within the exercise mode (i.e., running) and over the distances (5-20 m) that are 
typical of match-play in a wide range of team sports (Spencer et al. 2004; 2005).   
Given the differences that have been reported in explosive force (Haider and Folland. 2014) 
and maximal power of inertial-load cycling (Coggan et al. 2015) following NO3
- 
supplementation, it might be anticipated that any ergogenic effect might be accentuated during 
the initial phase of all-out sprinting. Indeed, our findings indicate that the greatest improvement 
in sprint performance (2.3%) occurred over the initial 5 m. Moreover, BR continued to enhance 
speed between 5 m and 10 m. Together with previous observations of improved sprint 
performance (Rimer et al. 2015; Thompson et al. 2015; Sandbakk et al. 2015), these findings 
strengthen the evidence base for using NO3
- as a nutritional aid to enhance aspects of sprint 
running performance.   
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The improved sprint performance after NO3
- supplementation might be a function of the effects 
of NO3
- supplementation on force production: 1) in type II muscle and 2) at high contraction 
velocities, since maximal sprinting requires both significant type II muscle recruitment and 
high contraction velocities (Greenhaff et al. 1994).  Specifically, NO3
- supplementation has 
been shown to increase force production or performance: 1) during the initial stages of high-
frequency contractions (Haider and Folland 2014); 2) at high, but not low, contraction 
velocities (Bailey et al. 2015; Coggan et al. 2015); and 3) in type II, but not type I, skeletal 
muscle in association with improved skeletal muscle calcium handling (Hernandez et al., 
2012).  Therefore, our results are consistent with observations of improved contractile function 
in studies using isolated muscle models and extend these findings to suggest that NO3
- 
supplementation can enhance maximal sprint running performance over distances typically 
completed by team sports athletes during competition. 
The effect of BR on performance during the YoYo IR1 test 
Several studies have investigated the effects of NO3
- supplementation on high-intensity 
intermittent exercise performance but the results have been ambiguous, likely due to marked 
differences in test protocol and the dose and duration of NO3
- supplementation (Aucouturier et 
al. 2015; Bond et al. 2012; Christensen et al. 2013; Martin et al. 2014; Muggeridge et al. 2013; 
Thompson et al. 2015; Wylie et al. 2013; 2016). In the present study, we observed a 3.9% 
improvement in the Yo-Yo IR1 test, which mimics the high-intensity running bouts of football 
match-play (Bangsbo et al. 2008), after short-term NO3
- supplementation.  This finding is 
consistent with our previous observation of improved Yo-Yo IR1 test performance (+4.2%) 
after consuming a large NO3
- dose (29 mmol) over 36 hours prior to testing, and suggests that 
a similar performance gain can be achieved by ingesting a moderate NO3
- dose (6.4 mmol NO3
- 
per day) for 5 days.   
Chapter 5: Dietary nitrate supplementation improves sprint performance                              81 
and high-intensity intermittent running performance  
 
 
 
Given that the reduction of NO2
- to NO is potentiated with decreasing O2 tension (Lundberg et 
al. 2008; van Faassen et al. 2009) and that PO2 is lower in type II compared to type I muscle 
(Behnke et al. 2003; McDonough et al. 2005), increasing plasma [NO2
-] via NO3
- 
supplementation may enhance NO2
--derived NO synthesis and thus performance during 
exercise at higher intensities. We have previously reported a fall in plasma [NO2
-] during high-
intensity intermittent exercise following NO3
- supplementation (Wylie et al. 2013a; Thompson 
et al. 2015). Moreover, the decline in plasma [NO2
-] was correlated to the improvement in 
exercise performance observed in these studies (Wylie et al. 2013a; Thompson et al. 2015). 
Given that circulating NO2
- is an important correlate of exercise performance both in healthy, 
recreationally-active subjects (Dreissigacker et al. 2010; Rassaf et al., 2007) and in trained 
subjects (Lansley et al. 2011; Wilkerson et al. 2012), the greater Yo-Yo IR1 performance in 
BR may be attributable to enhanced generation of NO2
--derived NO during exercise.   
NO3
- ingestion has been shown to reduce the adenosine triphosphate (ATP) and 
phosphocreatine (PCr) cost of muscle force production during high-intensity continuous 
(Bailey et al. 2010) and intermittent (Fulford et al. 2013) exercise. Furthermore, NO3
- 
supplementation has been reported to attenuate the slowing of PCr recovery observed in 
hypoxia, restoring PCr recovery kinetics following exercise to values observed in normoxia 
(Vanhatalo et al. 2011; 2014). It is known that, with increasing exercise intensity, a greater 
recruitment of type II fibres (Sale et al. 1987; Copp et al. 2010) and a slower rate of resynthesis 
of ATP and PCr in type II fibres between high intensity bouts occurs (Casey et al. 1996). 
Therefore, the effects of NO3
- supplementation on muscle PCr utilisation during high-intensity 
exercise (Bailey et al. 2010; Fulford et al. 2013) and on the rate of muscle PCr resynthesis 
following exercise (Vanhatalo et al. 2011; 2014) may be important determinants of the 
improved high-intensity intermittent exercise performance reported herein.  
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In combination, the improved 5, 10 and 20 m maximal sprint running performance and the 
improved Yo-Yo IR1 performance suggest that short-term NO3
- supplementation can improve 
several physical determinants of success in team sports and support the use of NO3
- 
supplementation as an ergogenic aid for team sports competitors. There were weak negative 
correlations between sprint performance in the PL condition and the magnitude of the 
improvement in sprint performance with BR supplementation (r = -0.35-0.39), indicating that 
the subjects with the poorest sprint performance benefited more from BR supplementation. 
This observation would be consistent with reports that NO3
- supplementation is generally less 
effective in enhancing endurance performance in athletes with high levels of aerobic fitness 
(Wilkerson et al. 2012; Jones, 2014b; Porcelli et al. 2015) although some 20% of elite athletes 
may still respond positively (Christensen et al. 2013; Boorsma et al. 2014). Further research is 
therefore required to determine whether the findings of the present study of recreational team 
sport players can be reproduced in highly-trained team sports athletes and/or whether a 
‘targeted’ approach to individuals with relatively poor sprint performance might be 
recommended.      
The effect of BR on cognitive performance during the YoYo IR1 test 
There was no change in cognitive function, as inferred from response reaction time and 
accuracy during the Stroop test, during or following the Yo-Yo IR1 test. This finding conflicts 
with our previous observation of improved Stroop test performance (faster response reaction 
time for the same response accuracy) during a prolonged intermittent sprint-cycling protocol 
after NO3
- supplementation (Thompson et al. 2015). These conflicting findings might be linked 
to the higher NO3
- dose used in our previous study (12.8 mmol NO3
- per day for 7 days, 
Thompson et al. 2015) compared to the current study (6.4 mmol NO3
- per day for 5 days). 
Alternatively, or in addition to different NO3
- dosing procedures, these inter-study differences 
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in Stroop test performance might be related to the completion of numerous cognitive tests 
throughout the more lengthy exercise protocol used previously, thus increasing test sensitivity 
(Thompson et al. 2015), compared to the single 90 s Stroop test completed during a seated rest 
within the Yo-Yo IR1 test in the present study. Moreover, cognitive test performance typically 
becomes more variable in a fatigued state, rendering it more difficult to ascertain differences 
in performance between conditions.    
The effect of BR on cognitive performance at rest 
In contrast to results during exercise, NO3
- supplementation improved decision-making 
reaction time to the Stroop tasks performed during the resting baseline period. This observation 
is consistent with Wightman et al. (2015) who reported improved cognitive function at rest in 
the serial 3s subtraction task following an acute dose of dietary NO3
-. This was associated with 
improved cerebral blood flow in the prefrontal cortex at the onset of the task period. Similar to 
the serial 3s subtraction task, the Stroop task assesses the capacity for information processing 
(Besner and Roberts 2005) and performance in these tasks is related to the functioning of the 
prefrontal cortex. NO is pivotal to a number of cerebral processes including neurotransmission, 
vasodilation and neurovascular coupling (Aamand et al. 2013; Iadecola et al. 1999; Piknova et 
al. 2011; Rifkind et al. 2007). Dietary NO3
- has been shown to improve regional brain perfusion 
(Presley et al. 2011), attenuate cerebral O2 extraction during mental processing (Thompson et 
al. 2014), and enhance coupling of cerebral blood flow to neuronal activity (Aamand et al. 
2013).  Therefore, the modulation of cerebral haemodynamics, especially in response to 
cognitive task performance (Wightman et al. 2015), may underpin the differences in response 
time between BR and PL in the present study. However, it is somewhat surprising that the 
greatest improvement in cognitive function was observed at rest and not during exercise when 
the difference between conditions in cerebral oxygenation is expected to be more pronounced 
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and the potential for NO generation from NO2
- reduction is expected to be increased (Lundberg 
et al. 2008; van Faassen et al. 2009). Further studies are required to investigate the effects of 
NO3
- supplementation on cerebral oxygenation and cognitive function during high-intensity 
intermittent exercise.  
Experimental Considerations 
It is important to recognize that the efficacy of putative ergogenic aids in sport is related to a 
host of variables including subject characteristics (sex, age, training status), exercise modality 
and protocol (duration, intensity, continuous or intermittent), and dosing strategy (quantity, 
acute or chronic intake). In this respect, our study indicates that BR supplementation improves 
sprint and intermittent high-intensity exercise performance under the particular conditions of 
our investigation, namely in competitive but sub-elite team sport players consuming a moderate 
dose of NO3
- for 5 days. Further clearly-defined and well-executed research studies are needed 
to test the various possible permutations (amongst subject type, exercise protocol, and dosing 
regimen) to better delineate the other circumstances in which BR or NO3
- supplementation 
may, or may not be effective. A key strength of the present investigation was the recruitment 
of a large sample size and the employment of validated protocols to which the subjects were 
familiarized prior to commencement of the study. When differences between conditions are 
relatively small (i.e., 1-2% for sprint performance), albeit but they are highly meaningful to 
sports performance outcomes (Hopkins et al. 1999), it is clearly important that studies are 
sufficiently powered to ensure that false conclusions are not drawn with regard to supplement 
efficacy. A limitation to our study was that we were unable to control subjects’ diet but relied 
instead on the subjects recording their food consumption in the 24 h prior to the first 
experimental visit and replicating this prior to the second experimental visit . While the subjects 
reported that they had complied with this requirement, future studies might control pre-test diet 
more rigorously. It should also be noted that our study design (daily supplement intake for 4 
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days plus a final supplement intake 2.5 h before the exercise tests) does not allow us to 
differentiate between the effects elicited by chronic vs acute BR ingestion.       
 
In conclusion, this study has made an important contribution to our understanding of the 
ergogenic potential of dietary NO3
- supplementation for sprint and team sports athletes.  
Specifically, our results indicate that short-term supplementation (5 days) with a moderate NO3
- 
dose (6.4 mmol NO3
- per day) can improve performance in short-duration, all-out sprint runs 
(5-20 m) and high-intensity intermittent runs over distances that closely reflect those that are 
manifest during match-play in team sports such as hockey, football and rugby. Our results also 
indicate that NO3
- supplementation can improve cognitive performance (faster response 
reaction time for the same response accuracy) in the Stroop test at rest, but not during or 
following a high-intensity intermittent running test. These findings support the use of NO3
- 
supplementation as a nutritional aid to enhance important physical determinants of team sport 
performance.  
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FIGURE LEGENDS 
Figure 1: BR elevated plasma [NO2
-] by 248% compared to baseline and 226% compared to 
PL (panel A). BR elevated plasma [NO3
-] by 710% compared to baseline and 666% compared 
to PL (panel B). * P<0.001 compared to PL; # P<0.001 compared to baseline. 
Figure 2: Sprint performance was improved in BR compared to PL. * P<0.05. 
Figure 3. The distance covered in the Yo-Yo IR1 test was 3.7% greater in BR compared to PL. 
The dashed lines indicate individual responses and the solid line indicates the group mean 
(±SE). * P<0.05. 
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Abstract 
We hypothesized that 4 weeks of dietary nitrate supplementation would enhance exercise 
performance and muscle metabolic adaptations to sprint interval training (SIT). Thirty six 
recreationally-active subjects, matched on key variables at baseline, completed a series of 
exercise tests before and following a 4 week period in which they were allocated to one of the 
following groups: 1) SIT and NO3
--depleted beetroot juice as a placebo (SIT+PL); 2) SIT and 
NO3
--rich beetroot juice (~13mmol NO3
-/day; SIT+BR); or 3) no training and NO3
--rich 
beetroot juice (NT+BR). During moderate-intensity exercise, pulmonary V̇O2 was reduced by 
4% following 4 weeks of SIT+BR and NT+BR (P<0.05) but not SIT+PL. The peak work rate 
attained during incremental exercise increased more in SIT+BR than in SIT+PL (P<0.05) or 
NT+BR (P<0.001). The reduction in muscle and blood [lactate] and the increase in muscle pH 
from pre- to post-intervention was greater at 3 min of severe-intensity exercise in SIT+BR 
compared to SIT+PL and NT+BR (P<0.05). However, the change in severe-intensity exercise 
performance was not different between SIT+BR and SIT+PL (P>0.05). The relative proportion 
of type IIx muscle fibers in the m. vastus lateralis was reduced in SIT+BR only (P<0.05). These 
findings suggest that BR supplementation may enhance some aspects of the physiological 
adaptations to SIT.  
New and Noteworthy: We investigated the influence of nitrate-rich and nitrate-depleted 
beetroot juice on the muscle metabolic and physiological adaptations to 4 weeks of sprint 
interval training. Compared to placebo, dietary nitrate supplementation reduced the O2 cost of 
submaximal exercise, resulted in greater improvement in incremental (but not severe-intensity) 
exercise performance, and augmented some muscle metabolic adaptations to training. Nitrate 
supplementation may facilitate some of the physiological responses to sprint interval training.  
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Introduction 
The gaseous biological signaling molecule, nitric oxide (NO), is known to modulate several 
physiological responses to exercise including skeletal muscle perfusion, energy metabolism 
and contractile function (41, 69). Nitric oxide synthase (NOS) enzymes catalyze the oxygen 
(O2)-dependent production of NO from L-arginine and it is now known that the products of 
NO oxidation, nitrate (NO3
-) and nitrite (NO2
-), can be reduced in vivo to form NO (52, 72). 
Interestingly, hypoxia and acidosis, physiological environments typical of muscular exercise, 
facilitate the reduction of NO2
- to NO (72). Increasing the dietary intake of inorganic NO3
- to 
augment circulating NO3
- and NO2
- pools may therefore represent a natural means to increase 
NO bioavailability during exercise.  
The physiological effects of NO3
- ingestion in humans are well documented and may include 
a reduction in blood pressure (BP) at rest and reduced oxygen uptake (V̇O2) during sub-
maximal exercise (5, 16, 45, 73). Moreover, several studies suggest that NO3
- supplementation 
can improve performance in a variety of exercise settings, at least in sub-elite athletes (2, 14, 
71, 73, 78, cf. 40). It has recently been reported that short-term (3-7 days) NO3
- supplementation 
may favorably impact the metabolic and contractile properties of skeletal muscle (30, 46, 76). 
Specifically, the improvements in exercise efficiency and performance that have been observed 
following dietary NO3
- supplementation may be related to altered mitochondrial function (46, 
cf. 76) and to enhanced muscle force or power production (19, 30) which, in turn, might be 
related to increased perfusion and contractile function (22, 32). It is unclear whether more 
protracted periods (several weeks) of NO3
- supplementation may more favorably impact the 
physiological response to exercise and improve exercise performance. However, given that 
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dietary NO3
- may specifically enhance the physiological responses of type II muscle fibers to 
exercise (22, 23, 32, 35), and improve performance during repeated sprint exercise (2, 71, 78), 
it is possible that NO3
- supplementation may be of particular value to athletes engaging in high-
intensity training.  
Sprint interval training (SIT) is known to provide a potent and relatively time-efficient stimulus 
for enhancing aerobic capacity and endurance exercise performance (11, 12, 13, 26). However, 
the effects of a high-NO3
- dietary supplement, such as beetroot juice, consumed daily as part 
of an exercise training program, on the physiological and muscle metabolic adaptations to 
training has received limited attention (21, 57). It is possible that the NO-mediated inhibition 
of O2 consumption at cytochrome c oxidase (10, 17) and resultant local hypoxia may initiate 
signaling cascades that may be synergistic (or antagonistic) to those generated by SIT (27). 
Also, similar to the effects of training, elevated NO bioavailability may stimulate angiogenesis 
(25), mitochondrial biogenesis (58) and the transformation of muscle fiber phenotype (59, 68) 
through cGMP-dependent gene expression and the activation of regulatory factors, in particular 
peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α; 37, 43). It 
could also be anticipated that the lower V̇O2 and reduced adenosine triphosphate (ATP) and 
phosphocreatine (PCr) cost of muscle force production during high-intensity exercise 
following NO3
- supplementation (6, 24) might enable a higher training intensity for the same 
effort which, over time, may lead to greater training adaptation (34). An increase in cytosolic 
calcium concentration ([Ca2+]) and force production during muscle contraction following NO3
- 
supplementation (32) may also permit a higher training intensity to be maintained. Given the 
potentially complementary effects of exercise training and NO bioavailability on metabolic 
regulation, it is possible that NO3
- supplementation could augment the physiological 
adaptations to SIT.  
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Two recent studies have used different approaches to address this question and have produced 
somewhat disparate results (21, 57). Muggeridge et al. (57) reported that, compared to placebo, 
NO3
- supplementation with gels during 3 weeks of SIT (4-6 x 15-s sprints, 3 times per week) 
tended to increase peak work rate during incremental exercise (8.7 vs. 4.7 %; P=0.07) and 
reduce the fatigue index during repeated sprint exercise (0.5 vs.7.3 %; P=0.06). De Smet et al. 
(21) reported that, compared to placebo, NaNO3 supplementation during 5 weeks of SIT (4-6 
x 30-s sprints, 3 times per week), performed in hypoxia, did not improve either incremental 
exercise or 30-min time trial performance but did result in a significant increase in the 
proportion of type IIa fibers in the m. vastus lateralis. Neither study measured potential 
training-related differences in muscle metabolic responses to exercise with NO3
- compared to 
placebo supplementation (for example, [PCr], pH, [lactate] and [glycogen] as determined from 
muscle biopsy) or compared the effects of training with NO3
- or placebo to the physiological 
effects of NO3
- supplementation alone. It would be of interest to determine whether the 
intriguing change in muscle fiber type proportions when SIT in hypoxia was performed with 
NO3
- supplementation (21) is also evident following SIT in normoxia. Additional studies are 
clearly required to explore the influence of NO3
- supplementation on the muscle metabolic 
adaptations and submaximal and maximal exercise responses to training.   
The purpose of this study was therefore to evaluate the independent and combined performance 
and physiological effects of SIT and NO3
- supplementation during a 4 week intervention 
involving: SIT with concurrent NO3
--depleted beetroot juice supplementation as a placebo 
(PL); SIT with concurrent NO3
--rich beetroot juice supplementation (BR); and NO3
--rich 
beetroot juice supplementation with no training. We tested the hypothesis that 4 weeks SIT and 
4 weeks BR supplementation would independently improve physiological responses and 
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exercise performance, but that these effects would be greater when BR supplementation and 
SIT were combined.  
Methods 
Subjects 
Eighteen male (mean ± SD: age 27 ± 8 years, height 1.79 ± 0.08 m, body mass 80 ± 13 kg, 
V̇O2peak 50.4 ± 11.4 mL·kg-1·min-1) and 18 female (mean ± SD: age 23 ± 4 years, height 166 ± 
5 cm, body mass 65 ± 9 kg, V̇O2 peak 39.8 ± 5.8 mL·kg-1·min-1) participants were recruited. The 
subjects were recreationally-active sportspeople involved in team and/or endurance sports but 
they were not highly trained. Following an explanation of the experimental procedures, 
associated risks, potential benefits and likely value of the possible findings, subjects gave their 
written informed consent to participate. The study was approved by the Institutional Research 
Ethics Committee and conformed to the code of ethics of the Declaration of Helsinki. 
 
Experimental Design 
Subjects initially visited the laboratory on 3 separate occasions over a 5 day period. On visit 1, 
subjects performed an incremental exercise test on a cycle ergometer for the determination of 
V̇O2peak and gas exchange threshold (GET). The work rates requiring 80% of the GET (moderate 
exercise) and 85%∆ (GET plus 85% of the difference between the work rate at GET and 
V̇O2peak; severe exercise) were calculated and adjusted for mean response time for V̇O2 during 
incremental exercise (75). Following this, subjects were familiarized to the exercise testing 
procedures, including completion of a severe-intensity bout of cycle ergometry until 
exhaustion. On visit 2, subjects completed a 5-min bout of moderate-intensity cycling and an 
incremental exercise test. On visit 3, subjects completed 2 bouts of severe-intensity cycling, 
the first for 3 min and the second until task failure.  
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In a double-blind, independent-groups design, subjects were then assigned to receive NO3
- rich 
beetroot juice (BR) or NO3
- depleted beetroot juice (PL) for 28 days.  Three independent groups 
(n = 12, comprising 6 males and 6 females) were matched at baseline for physical 
characteristics (i.e. mass, height and age) as well as physiological and performance variables 
of interest, principally BP and peak WR during incremental exercise and secondarily V̇O2 peak 
and GET. Subjects were then either enrolled onto a 4-week supervised SIT program with PL 
(SIT+PL) or BR (SIT+BR) supplementation, or received the NO3
--rich beetroot juice for 28 
days without undergoing a training intervention (NT+BR).  
 
All groups completed the same exercise tests (at the same absolute work rates) and 
physiological assessments both before and after the 28-day intervention period. Also, after 14 
days, subjects visited the laboratory for an incremental exercise test to assess the short-term 
changes in aerobic capacity that may be expected following the interventions (11, 65, 73).  
 
Laboratory visits were scheduled at the same time of day (± 2 h). Subjects were asked to 
maintain their normal dietary and exercise behavior throughout the study. However, subjects 
were instructed to record their diet during the 24 h preceding the first laboratory visit and to 
repeat this for all subsequent laboratory visits. On days of training, subjects were asked to 
arrive at the training venue ≥1 h post-prandial and to complete a 5 min self-paced warm up 
before training commenced. On experimental days, subjects were instructed to arrive at the 
laboratory ≥3 h post-prandial having avoided strenuous exercise and the consumption of 
alcohol and caffeine in the 12 h preceding each exercise test. For the duration of the study, 
subjects were asked to refrain from taking other dietary supplements, and also to avoid using 
antibacterial mouthwash as this inhibits the reduction of NO3
- to NO2
- in the oral cavity by 
eliminating commensal bacteria (29).  
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Supplementation 
Following the pre-intervention laboratory visits, subjects were allocated to receive 
concentrated NO3
--rich beetroot juice (BR; beetroot juice; ~6.4 mmol of NO3
- per 70 mL; Beet 
it, James White Drinks Ltd., Ipswich, UK) or NO3
--depleted beetroot juice (PL; placebo 
beetroot juice; ~0.04 mmol NO3
- per 70 mL; Beet it, James White Drinks Ltd., Ipswich, UK). 
Subjects consumed 1 x 70 mL of their allocated supplement each morning and evening for the 
duration of the training or non-training intervention and recorded their intake in a diary. This 
approach would be expected to result in elevated plasma [NO3
-] and [NO2
-] for each 24 h period 
(79). Compliance was checked by the return of empty bottles each week and via questionnaire 
at 2 and 4 weeks. BR and PL doses were administered using a double blind design. On 
experimental visits at the mid-intervention point and following the intervention period, subjects 
consumed 2 x 70 mL of their allocated supplement 2.5 hours prior to the exercise tests. 
 
Incremental exercise tests 
On the first laboratory visit before and following the intervention period as well as at the mid-
intervention point, subjects completed a ramp incremental exercise test on an electronically 
braked cycle ergometer (Lode Excalibur Sport, Groningen, Netherlands). The self-selected 
cadence (75-90 rpm), saddle and handle bar height and configuration for each subject were 
recorded on the first visit and reproduced in subsequent visits. Initially, subjects performed 3 
min of baseline cycling at 20 W, after which the work rate was increased by 30 W/min until 
the limit of tolerance. Breath-by-breath pulmonary gas exchange data (Oxycon Pro, Jaeger, 
Hoechberg, Germany) were collected continuously throughout all incremental tests and were 
averaged over 10-s periods. V̇O2peak and GET were determined as previously described (73).  
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Step exercise tests 
A 5-min moderate-intensity “step” test was performed on the first laboratory visit before and 
following the intervention. This was completed 10 min before the ramp incremental test 
protocol was initiated. On the second laboratory visit before and following the intervention, 
two severe-intensity step tests were performed, separated by a 20 min period of rest; the first 
until 3 min, and the second, after 20 min of passive recovery, until task failure. The time to 
task failure was recorded once the pedal rate fell by >10 rpm below the target cadence. All step 
tests began with 3 min of pedaling at 20 W before a sudden transition to the target work rate. 
Muscle biopsies were obtained before and following the 3-min severe intensity exercise bout 
and again at task failure in the second bout. Breath-by-breath pulmonary gas exchange data 
were collected continuously throughout all step tests. 
 
Training intervention 
Following the initial laboratory visits, subjects were allocated to one of the two SIT groups: 
SIT with PL supplementation (SIT+PL; age 25 ± 7 years, height 174 ± 10 cm, body mass 73 ± 
10 kg); SIT with BR supplementation (SIT+BR; mean ± SD, age 24 ± 7 years, height 174 ± 11 
cm, body mass 78 ± 18 kg); or the non-training group with BR supplementation (NT+BR; age 
25 ± 7 years, height 170 ± 6 cm, body mass 68 ± 9 kg). All three groups consisted of 6 male 
and 6 female subjects. Both SIT groups completed a total of 14 supervised training sessions 
over a 4-week period, with at least 24-h separating each training session, while the NT group 
maintained their habitual exercise patterns. The post intervention laboratory tests were 
performed at least 48h following, but within 4 days of, completing the final training session. 
 
During the training sessions, the SIT groups completed a series of 30-s “all-out” sprints (i.e. 
Wingate test) against a resistance equivalent to 7.5% body mass on a mechanically-braked 
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ergometer (model 814E bicycle ergometer, Monark, Stockholm, Sweden; 11, 12, 13). Each 
sprint was separated by a 4-min period of rest in which subjects cycled at a low cadence against 
a light resistance to reduce venous pooling and sensations of nausea. During weeks 1 and 2 of 
training, subjects performed 4 x 30-s sprints three times per week, while during weeks 3 and 
4, subjects performed 5 x 30-s sprints four times per week. Following a 5-min warm up of 
cycling against a light resistance, subjects were given a 10-s count down and instructed to pedal 
maximally for 2 s before the appropriate load was applied. Subjects were verbally encouraged 
to maintain maximal cadence throughout each 30-s sprint. 
 
Measurements 
Blood pressure  
Before and following the intervention, as well as at the mid-intervention point, the BP at the 
brachial artery was measured using an automated sphygmomanometer (Dinamap Pro: GE 
Medical Systems, Tampa, FL). Following 10 min seated rest in an isolated room, three 
measurements were recorded. MAP was calculated as 1/3 systolic pressure + 2/3 diastolic 
pressure. The mean of the systolic, diastolic and MAP measurements were used for data 
analysis.  
 
Blood analysis 
Venous blood was sampled at rest (baseline) before each experimental test. Blood samples 
were also obtained at 1-min, at 3 min and at exhaustion during the severe-intensity exercise 
bout. The blood samples collected during the severe-intensity exercise bout were drawn from 
a cannula (Insyte-WTM, Becton Dickinson, Madrid, Spain) inserted into the subject’s 
antecubital vein and were collected into lithium-heparin vacutainers (Becton Dickinson, New 
Jersey, USA). Blood [lactate] and [glucose], as well as plasma [NO2
-] and [NO3
-] were analyzed 
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in all samples (square brackets denote concentration). 200 μL of blood was immediately 
extracted from the lithium-heparin vacutainers and hemolysed in 200 μL of Triton X-100 
solution (Triton X-100, Amresco, Salon, OH) before blood [lactate] and [glucose] were 
measured (YSI 2300, Yellow Springs Instruments, Yellow Springs, OH). The remaining whole 
blood from each sample was centrifuged at 4000 rpm for 8 min at 4 ºC within 2 min of 
collection. Plasma was immediately extracted, frozen at -80 ºC and subsequently analyzed for 
[NO2
-] and [NO3
-] using chemiluminescence, as described by Wylie et al. (79). 
 
Muscle biopsy 
Muscle samples were obtained from two incisions from the medial region of the m. vastus 
lateralis under local anesthesia (1% lidocaine) using the percutaneous Bergström needle biopsy 
technique (7) with suction. Muscle samples were taken at three different time points before and 
following the intervention: at rest; following 3 min of severe-intensity exercise; and at task 
failure from severe-intensity exercise. The post-exercise biopsies were taken while subjects 
remained on the cycle ergometer and were typically collected within 5-10 s of the completion 
of the exercise bout.  Biopsy samples were immediately frozen in liquid nitrogen and stored at 
-80 °C for subsequent analysis.  
 
Muscle metabolites 
Following a freeze-drying process, samples were dissected to remove visible blood, fat, and 
connective tissue. Approximately 2 mg aliquots of isolated muscle fibers were weighed on fine 
balance scales (Mettler Toledo XS105, Leicester, UK) and stored in 500 µL microcentrifuge 
tubes at -80 °C. Prior to metabolite analysis, 200 µL of 3 M perchloric acid was added to ~2 
mg dry weight muscle tissue. Following 3 min centrifugation and 30 min incubation on ice, 
170 µL of supernatant was transferred to a fresh microcentrifuge tube and 255 µL of cooled 2 
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M potassium bicarbonate (KHCO3) was added. This was centrifuged, and the supernatant 
analyzed for [PCr], [ATP] and [lactate] by fluorometric assays as previously described (51).  
 
Muscle glycogen and pH 
Glycogen was extracted from ~1 mg d.w. muscle in 500 μL of 1 M hydrochloric acid (HCl) 
and hydrolyzed at 100 °C for 2 h to glycosyl units, which were measured using an automated 
glucose analyser (YSI 2300, Yellow Springs Instruments, Yellow Springs, OH) to determine 
muscle [glycogen]. Muscle pH was measured using a micro-pH meter (Sentron SI600, 
Roden, The Netherlands) following homogenization of ~1 mg d.w. muscle in a non-buffering 
solution (145 mM KCl, 10 mM NaCl and 5 mM NaF). 
 
Muscle fiber type 
Approximately 20 mg of tissue obtained from each resting muscle biopsy sample was 
embedded in Tissue-Tek® O.T.C.™ compound  (Sakura Finetek Europe BV Zoeterwoude, 
The Netherlands), rapidly frozen in liquid nitrogen-cooled isopentane, and stored at -80 °C for 
subsequent histochemical analysis of myocellular characteristics. Serial cross sections (~10 μM 
thick) were cut in a cryostat (Cryostar NX50, Thermo Scientific, USA) maintained at -16 °C. 
Sections were mounted on 3 separate slides and pre-incubated at pH values of 4.3, 4.6 and 10.3. 
According to the lability to the acid and alkaline pre-incubation, the fibers were stained for 
myofibrillar ATPase, identified as type I, IIa, or IIx (9) and counted under an Olympus CKX41 
microscope with cellSens Dimension software (Olympus Corporation, Tokyo, Japan). For each 
subject, 214 (± 104) fibers were analyzed, and each fiber type was expressed as a percentage 
of the total number counted. 
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Oxygen uptake. The breath-by-breath V̇O2 data from each step exercise test were initially 
examined to exclude values lying more than four SDs from the local mean. The filtered data 
were subsequently linearly interpolated to provide second-by-second values and time-aligned 
to the start of exercise for each individual. The baseline V̇O2 was defined as the mean V̇O2 
measured over the final 60 s of the 3 min baseline period. The end-exercise V̇O2 was defined 
as the mean V̇O2 measured over the final 60 s of exercise. 
 
Statistical analyses 
Differences between groups in pre-intervention physiological and performance values were 
tested using a one way ANOVA. Time by group ANOVAs with repeated measures for time 
were employed to determine the physiological and performance effects consequent to the 
interventions. In addition, one-way ANOVAs were used to assess differences between groups 
in the change values for physiological and performance variables pre- to post-intervention. All 
significant main and interaction effects were followed up by Fisher’s LSD post hoc tests. Data 
that were not normally distributed were log transformed before applying the ANOVA. All 
values are reported as mean ± SD.  Statistical significance was accepted at P<0.05  
 
Results 
Compliance 
All subjects within the training groups completed 100% of the training sessions and 100% of 
the sprints within each training session. All subjects reported that they fully adhered to the 
supplementation regimen and did not alter dietary and exercise behavior outside of their 
assigned group-specific intervention.  
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Plasma [NO3
-] and [NO2
-]  
Pre-intervention resting plasma [NO3
-] values were not different between groups (P>0.05). A 
significant main effect for time (P<0.001) and an interaction effect (P<0.001) was observed 
for the plasma [NO3
-] measured at rest. Compared to pre-intervention, SIT+BR increased 
resting plasma [NO3
-] by ~590% at 2 weeks and ~960% at 4 weeks (both P<0.001; Fig. 1A) 
and NT+BR increased resting plasma [NO3
-] by ~505% at 2 weeks and ~1050% at 4 weeks 
(both P<0.001; Fig. 1A) but there was no change in resting plasma [NO3
-] with SIT+PL 
(P>0.05; Fig. 1A). Resting plasma [NO3
-] was also greater at 4 weeks compared to 2 weeks in 
both SIT+BR and NT+BR (P<0.05; Fig. 1A). 
Pre-intervention resting plasma [NO2
-] values were higher in SIT+PL (74 ± 62 nM) compared 
to SIT+BR (29 ± 19 nM; P<0.05) and NT+BR (26 ± 13 nM; P<0.05) but were similar between 
SIT+BR and NT+BR (P>0.05). There was a significant main effect for time (P<0.001) and an 
interaction effect (P<0.001) for the plasma [NO2
-] measured at rest. Compared to pre-
intervention, SIT+BR increased resting plasma [NO2
-] by ~485% at 2 weeks and ~715% at 4 
weeks (both P<0.001; Fig. 1B) and NT+BR increased resting plasma [NO2
-] by ~600% at 2 
weeks and ~690% at 4 weeks (both P<0.001; Fig. 1B) but there was no change in resting 
plasma [NO2
-] with SIT+PL (P>0.05; Fig. 1B). There were no differences in the plasma [NO2
-
] measured at rest between 2 weeks and 4 weeks in any of the groups (P>0.05). Relative to 
post-intervention resting baseline, plasma [NO2
-] declined by ~65% at task failure during 
severe-intensity exercise (P<0.001) in SIT+BR and NT+BR. The reduction in plasma [NO2
-] 
following 3 min of severe-intensity exercise was greater in NT+BR compared to SIT+BR 
(P<0.05).  
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Blood Pressure  
Systolic BP was not different between the groups before the interventions (P>0.05; Table 1) 
but there was a significant main effect for time (P<0.05) and an interaction effect (P<0.05). 
Post hoc tests revealed that, compared to pre-intervention, systolic BP was reduced at 2 weeks 
and at 4 weeks (P<0.05) by 5 ± 6 mmHg and 6 ± 4 mmHg in SIT+BR, respectively (P<0.05), 
and by 4 ± 5 mmHg and 10 ± 6 mmHg in NT+BR, respectively (P<0.05), whereas systolic BP 
remained unaltered in SIT+PL (P>0.05; Table 1). Diastolic BP was not different between 
groups at pre-intervention (P>0.05) and remained unaltered at 2 weeks and at 4 weeks (both 
P>0.05) in all interventions (Table 1). The MAP was not different between groups at pre-
intervention but there was a significant main effect for time (P<0.05) such that MAP was 
reduced by 3 ± 5 mmHg at 4 weeks in both SIT+BR and NT+BR (P<0.05) but was unchanged 
with SIT+PL (Table 1).  
Incremental exercise test 
Peak WR was not different between the groups at pre-intervention (P>0.05; Table 1). There 
was a significant main effect by time (P<0.001) and an interaction effect (P<0.05). Post hoc 
tests revealed that peak WR was improved at 4 weeks compared to pre-intervention in all 
groups (P<0.05; Table 1). However, peak WR increased more from pre- to post-intervention 
in SIT+BR than in SIT+PL (P<0.001; Fig. 2). Additionally, peak WR was improved at 2 weeks 
compared to pre-intervention in SIT+BR only (P<0.05; Fig. 2).  
V̇O2peak was not different between the groups at pre-intervention (P>0.05; Table 1). There was 
a significant main effect by time on V̇O2peak (P<0.05). Post hoc analysis revealed that, compared 
to pre-intervention, V̇O2peak was increased after 2 weeks and 4 weeks with SIT+BR (P<0.05; 
Table 1) but remained unchanged in SIT+PL and NT+BR (P>0.05; Table 1). However, there 
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were no differences between the three groups in the change in V̇O2peak from pre- to post-
intervention (P>0.05). There were no significant changes in body mass from pre- to post-
intervention in any of the groups.  
The V̇O2 at the GET was not different between the groups at pre-intervention (P>0.05; Table 
1) and was not altered by any intervention (P>0.05; Table 1). The WR associated with the GET 
was not different between groups at pre-intervention (P>0.05; Table 1). There was a significant 
main effect for time such that the WR at the GET was increased pre- to post-intervention in 
SIT+BR only (P<0.05; Table 1). However, there were no differences between the three groups 
in the change in the WR at the GET from pre- to post-intervention (P>0.05). 
Step exercise tests: Moderate-intensity exercise 
The V̇O2 measured during baseline cycling at 20 W preceding the transition to moderate-
intensity exercise was not different between groups at pre-intervention (P>0.05; Table 1) and 
was not affected by any intervention (P>0.05; Table 1). The end-exercise V̇O2 during moderate-
intensity exercise was not different between groups at pre-intervention (P>0.05; Table 1). 
There was a significant main effect by time (P<0.05) and an interaction effect (P<0.05) on end-
exercise V̇O2. Post hoc analyses revealed that, compared to pre-intervention, end-exercise V̇O2 
was significantly reduced in SIT+BR (P<0.05) and NT+BR (P<0.05) but was unaltered in 
SIT+PL (P>0.05; Table 1). There was no difference in the change in end-exercise V̇O2 from 
pre- to post-intervention between the SIT+BR and NT+BR groups (P>0.05). 
Step exercise tests: Severe-intensity exercise 
The time to task failure during severe-intensity exercise was not different between groups at 
pre-intervention (P>0.05; Table 1). There was a significant main effect by time (P<0.05) and 
an interaction effect (P<0.05) such that time to task failure was improved by 163 ± 144 s pre- 
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to post- intervention in SIT+PL (P<0.05; Table 1) and by 170 ± 90 s pre- to post-intervention 
in SIT+BR (P<0.05; Table 1) but was unaltered by NT+BR (P>0.05; Table 1). There was no 
difference in the change in the time to task failure from pre- to post-intervention between the 
SIT+BR and SIT+PL groups (P>0.05). 
Blood [lactate] was not different between groups during severe-intensity exercise at pre-
intervention (P>0.05). There was a main effect by time on blood [lactate] (P<0.05). Post-hoc 
analysis revealed that blood [lactate] was lower at 1 min (1.2 ± 1.1 mM decrease from same 
time point pre-intervention; P<0.05; Fig. 3) and at 3 min (1.6 ± 1.5 mM decrease from same 
time point pre-intervention; P<0.05, Fig. 3) during severe-intensity exercise in SIT+BR but not 
SIT+PL or NT+BR (P>0.05). Further analyses revealed that the increase in blood [lactate] from 
rest to 3 min was attenuated post-intervention compared to pre-intervention  in SIT+BR (2.7 ± 
0.9 vs. 3.9 ± 0.8 mM) (P<0.05). This attenuation was significantly greater than the equivalent 
change in blood [lactate] from rest to 3 min in SIT+PL (post-intervention: 4.1 ± 1.9 vs. pre-
intervention: 3.7 ± 1.2 mM; P<0.05). 
Muscle substrates and metabolites 
Pre-intervention values for muscle substrates and metabolites during severe-intensity exercise 
were not different between groups (P>0.05) and muscle [ATP] and [PCr] were unchanged by 
the interventions in all groups (P>0.05).  
There were main effects by time on the muscle [lactate] and pH measured at 3 min of severe-
intensity exercise (P<0.05). Post hoc tests revealed that, compared to pre-intervention, muscle 
[lactate] was lower and pH was higher at 3 min of severe-intensity exercise post-intervention 
in SIT+BR (P<0.05; Fig. 4). Further analyses revealed that, compared to pre-intervention, the 
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increase in muscle [lactate] and the decrease in muscle pH from rest to 3 min of exercise tended 
to be attenuated post-intervention in SIT+ BR (both P=0.09).  
There was a main effect by time on muscle [glycogen] measured at rest, at 3 min and at 
exhaustion (all P<0.05). Post hoc tests revealed that, compared to pre-intervention, muscle 
[glycogen] was higher at all three time points post-intervention compared to pre-intervention 
in SIT+BR (P<0.05; Fig 5). Muscle [glycogen] was also higher at all three time points post-
intervention in SIT+BR and SIT+PL compared to NT+BR (P<0.05; Fig 4). There were no 
differences between SIT+BR and SIT+PL in the change in muscle [glycogen] from pre- to 
post- intervention at rest, 3 min of exercise or at exhaustion (P>0.05). 
Muscle fiber type 
The relative proportion of type I (SIT+BR: 57 ± 16%; SIT+PL: 59 ± 10%; NT+BR: 48 ± 16%), 
type IIa (SIT+BR: 36 ± 12%; SIT+PL: 36 ± 16%; NT+BR: 44 ±16%) and type IIx (SIT+BR: 
7 ± 8%; SIT+PL: 5 ± 7%; NT+BR: 8 ± 12%) muscle fibers at pre-intervention were not 
different between groups (P>0.05). There was a significant effect of time and an interaction 
effect on the proportion of type IIx fibers. Post hoc tests revealed that the proportion of type 
IIx fibers identified in SIT+BR was lower post-intervention (4 ± 5%) compared to pre-
intervention (7 ± 8%; P<0.05). In contrast, the proportion of type IIx fibers identified in 
SIT+PL tended to be higher post-intervention (10 ± 9%) compared to pre-intervention (5 ± 7%; 
P=0.07). The change in type IIx fibers was significantly different in SIT+BR compared to 
SIT+PL (P<0.05) but not NT+BR (P>0.05). There were no differences in the proportion of 
type I (SIT+BR: 55 ± 12%; SIT+PL: 58 ± 10%; NT+BR: 50 ± 17%) or type IIa (SIT+BR: 41 
± 9%; SIT+PL: 32 ± 16%; NT+BR: 43 ± 14%) muscle fibers following any intervention 
(P>0.05). However, there was a significant interaction effect on the proportion of type I and 
type IIa fibers combined (type I+IIa; P<0.05). Post hoc tests revealed that the proportion of 
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type I+IIa fibers identified in SIT+BR was higher post-intervention (96 ± 6%) compared to 
pre-intervention (93 ± 8%; P<0.05). In contrast, the proportion of type I+IIa fibers identified 
in SIT+PL tended to be lower post-intervention (90 ± 9%) compared to pre-intervention (95 ± 
7%; P=0.07). The change in type I+IIa fibers was significantly different in SIT+BR and 
NT+BR compared to SIT+PL (P<0.05). 
Discussion 
This is the first study to investigate the combined effect of SIT and NO3
- supplementation, 
administered in the form of beetroot juice, on muscle metabolic adaptations and the 
physiological responses to ramp incremental, moderate-intensity and severe-intensity exercise 
performance in normoxia. We compared the effects of chronic NO3
- supplementation alone 
(NT+BR) with the effects of concurrent NO3
--rich (SIT+BR) and NO3
--depleted (SIT+PL) 
beetroot juice supplementation during a SIT intervention. Consistent with our hypotheses, the 
separate 4 week interventions of SIT and chronic BR supplementation independently induced 
several beneficial physiological and/or performance effects. However, the main finding of the 
present study was that the combination of SIT and BR supplementation provided greater 
improvements in incremental exercise performance compared to either intervention alone and 
led to greater improvements in some indices of muscle metabolic adaptation.  
Plasma [NO3
-] and [NO2
-] were elevated, and systolic BP was lowered following 2 weeks and 
4 weeks of BR supplementation, changes which are consistent with elevated systemic NO 
bioavailability. Interestingly, however, resting plasma [NO3
-] and [NO2
-] were not altered 
following 4 weeks of SIT+PL. Previous studies have reported that subjects with higher aerobic 
fitness and/or training status have higher resting plasma [NO3
-] and [NO2
-] compared to less fit 
and/or sedentary subjects (53, 63). The results of the present study may therefore indicate that 
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short-term SIT, at least when combined with PL supplementation, does not substantially 
modify NOS activity or protein expression. The reduction in plasma [NO2
-] from resting 
baseline to task failure during severe-intensity exercise was similar between NT+BR and 
SIT+BR (~65% decline). However, the reduction in plasma [NO2
-] from resting baseline to 3 
min of severe-intensity exercise was attenuated in SIT+BR (~25% decline) compared to 
NT+BR (~45% decline). It is possible that this may be related to differences in training status 
induced by the separate interventions; for example, less reduction of NO2
- to NO may have 
been required following SIT+BR due to training-related improvements in muscle capillarity 
and oxygenation (18). 
 The reductions in systolic BP (SIT+ BR: -4% and -5%, NT+BR: -6% and -9%, at 2 weeks and 
4 weeks, respectively) reported in the present study are similar to those previously reported in 
healthy volunteers following shorter supplementation periods (5, 44, 73, 74). Diastolic BP was 
unaltered in NT+BR and SIT+PL but was reduced by 7% in SIT+BR. MAP was lowered by 
~4% in both NO3
- supplemented groups (SIT+BR and NT+BR), but was unaltered in SIT+PL. 
Collectively, these data indicate that 4 weeks of NO3
- supplementation may result in a greater 
reduction in BP than 4 weeks of SIT alone. 
The effect of SIT and BR on sub-maximal V̇O2 and V̇O2peak 
A high exercise economy, i.e. a low V̇O2 for a given power output, is an important determinant 
of exercise performance (33). It has been postulated that exercise training can lower the O2 cost 
of submaximal cycling (55). However, in the present study, the O2 cost of moderate-intensity 
exercise was only reduced following training in SIT+BR and the magnitude of the reduction in 
the O2 cost of exercise was not different to that observed with NT+BR, suggesting that 4 weeks 
of SIT per se has no influence on the O2 cost of submaximal cycling. This finding is consistent 
Chapter 6: Influence of dietary nitrate supplementation on physiological and 118 
muscle metabolic adaptations to sprint interval training  
  
 
 
 
with previous work indicating that the O2 cost of exercise may be reduced by dietary NO3
- 
supplementation (5, 45, 46, 73). The physiological bases for the improved efficiency following 
NO3
- ingestion are likely related to a reduced ATP cost of muscle force production (6) and/or 
a reduced O2 cost of mitochondrial ATP resynthesis (46, cf. 76).  
Despite the low training volume, SIT has emerged as a potent strategy to increase aerobic 
capacity and endurance exercise performance in as little as two weeks (11, 65, 70). We found 
that V̇O2peak was not significantly altered by 4 weeks of either NT+BR or SIT+PL. The former 
result is consistent with the majority of studies that have assessed V̇O2peak following acute or 
short-term NO3
- supplementation (5, 6, 39, 45, 78).  The lack of effect of SIT on V̇O2peak.is also 
consistent with some (11, 12, 13, 26), but not all (65, 70), previous investigations. The 
physiological and muscle metabolic adaptations to SIT are likely dependent upon the initial 
training status of the subjects along with the exact nature of the training stimulus, including the 
frequency and duration of both the sprint and recovery periods (66). In this respect, it is 
important to highlight that our exercise training protocol was shorter in duration to 
some studies (13) and the progression in training volume was more gradual than in other 
studies (4, 65) in which V̇O2peak was increased.  
 Although the change in V̇O2peak from pre- to post-intervention was not different between the 
three groups, the increase in V̇O2peak was only greater from pre- to post intervention in SIT+BR, 
suggesting that NO3
- supplementation may enhance the adaptation of V̇O2peak to SIT. Further 
work is required to confirm this observation and to elucidate the potential cardiovascular and/or 
metabolic mechanisms which may be responsible.  
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The effect of SIT and BR on exercise performance 
The peak WR during incremental exercise at 4 weeks was improved in both training groups. 
Interestingly, peak WR was also significantly improved following NT+BR. Although this 
effect was small, it is consistent with an earlier study which reported a significant increase in 
peak WR during incremental exercise following 15 days BR supplementation (73). 
Interestingly, a greater peak WR at 2 weeks of training was only observed with SIT+BR. 
Moreover, the improvement in peak WR at 4 weeks was greater in SIT+BR than in SIT+PL 
and NT+BR. The greater, and more rapidly attained, improvements in incremental exercise test 
performance with SIT+BR is presumably a function of the improved exercise economy and/or 
favorable muscle metabolic profile which would be expected to result in an extended time to 
reach V̇O2peak. Our results are consistent with a recent study by Muggeridge et al. (57) which 
reported that 3 weeks of SIT (4-6 repeated 15-s sprints) increased peak WR during incremental 
exercise to a greater extent when subjects were supplemented with NO3
- compared to placebo.  
The time to task failure during severe-intensity exercise was significantly increased after 4 
weeks of both SIT+BR (group mean change: +69%) and SIT+PL (+55%), but not NT+BR 
(+3%). Despite evidence for an enhanced muscle metabolic response to severe-intensity 
exercise in SIT+BR compared to SIT+PL (see below), this did not translate into a greater 
improvement in severe-intensity exercise performance. It is not clear why this was the case nor 
why ramp incremental exercise test performance was improved with SIT+BR when time to 
task failure during severe-intensity exercise was not, although greater variability in time-to-
exhaustion tests may have contributed to the difference (20). Indeed, it is interesting to note 
that the improvement in time to task failure ranged from 37-116% in SIT+BR (with 9/12 
subjects improving by more than 50%) and from 4-122% in SIT+PL (with 4/12 subjects 
improving by more than 50%). Our results are similar to those of Puype et al. (64) who found 
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that 6 weeks of endurance training in normobaric hypoxia with BR supplementation did not 
improve 30-min time trial performance relative to the placebo condition. However, it remains 
unclear whether BR supplementation during training could improve performance in other types 
of exercise. Recent studies indicate that BR may be ergogenic during high-intensity intermittent 
exercise (2, 71, 78) and that, compared to placebo, NO3
- supplementation during SIT improves 
fatigue resistance during repeated sprint exercise (57) and may enhance mean power output in 
a 30 s sprint (21). Further studies are required to investigate whether the subtle enhancements 
of skeletal muscle adaptation to training with BR might translate into improved performance 
during these other forms of exercise. 
The effect of SIT and BR on the muscle metabolic response to exercise 
Although conflicting data exist, SIT has been implicated in rapid skeletal muscle remodeling 
(11, 12, 13, 26). The extreme perturbations in substrate availability and metabolite 
accumulation caused by repeated sprint efforts require substantial oxidative energy turnover to 
restore homeostasis (8). The fluctuations in ATP availability and local O2 tension are potent 
stimulators of signaling pathways and may induce mitochondrial biogenesis and oxidative 
enzyme adaptation via the transcription of PGC-1α (28, 31, 50). Recent findings indicate that 
dietary NO3
- may favorably affect the contractility (30, 32) and perfusion (22, 23) of type II 
muscle fibers, and reduce the energetic cost of muscle force production during high-intensity 
exercise (6, 24). Similar to SIT (3, 13, 47, 48, 49, 61, 62), elevating NO2
- and NO bioavailability 
with chronic NO3
--rich BR supplementation may also stimulate the transcription of PGC-1α 
(43, 54, 58), a key regulator of mitochondrial biogenesis (77) and angiogenesis (1, 15). We 
therefore determined the effects of 4 weeks SIT and 4 weeks BR supplementation on the muscle 
metabolic responses during exercise and tested the hypothesis that these adaptations may be 
amplified when the interventions were combined. 
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There were no differences in muscle [ATP], [PCr], [lactate] or pH at rest or at task failure 
during severe-intensity exercise, post-intervention compared to pre-intervention, in any group. 
However, at 3 min into severe-intensity exercise, there was evidence of reduced metabolic 
perturbation, post-intervention compared to pre-intervention, in the SIT+BR group only. 
Specifically, muscle [lactate] as well as blood [lactate] was lower, and muscle pH was higher, 
at 3 min of severe-intensity exercise following SIT+BR but not SIT+PL or NT+BR (Figs. 3 
and 4), suggesting an enhanced muscle metabolic adaptation to SIT when combined with BR 
supplementation.  
The reason for the small difference in muscle acidosis at the 3 min exercise iso-time with 
SIT+BR compared to SIT+PL is unclear. However, this may be the result of differences in 
exercise efficiency between the training groups. The lower O2 cost of exercise measured at the 
same submaximal work rate in SIT+BR would be expected to lower the physiological strain 
and potentially reduce substrate-level phosphorylation and lactate production during exercise 
(34). Furthermore, BR supplementation has been shown to elevate microvascular PO2 in type 
II muscles of exercising rats thus promoting O2 exchange between the capillary and the 
myocyte and enabling a better preservation of intramuscular homeostasis (22, 23). By better 
maintaining oxidative function, this mechanism may be important in delaying lactate 
accumulation during severe-intensity exercise which is known to mandate an increased 
recruitment of type II fibers to sustain power output (42). While NO3
- intake alone would be 
expected to promote some of these effects (for example, a lower O2 cost of sub-maximal 
exercise in the NT+BR group in the present study), NO3
- intake combined with training may 
synergistically improve the muscle metabolic response to severe-intensity exercise. In 
particular, the SIT+BR group evidenced improved exercise efficiency (which was observed 
with NT+BR but not SIT+PL) and improved performance and physiological 
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responses/adaptations to maximal exercise (which were observed with SIT+PL but to a much 
lesser extent with NT+BR).    
None of the interventions influenced the proportion of type I muscle fibers identified following 
training. Interestingly, there was a disparity in the muscle phenotypic response to training 
between SIT+BR and SIT+PL. Specifically, SIT+BR resulted in a significant reduction in the 
proportion of type IIx muscle fibers. In contrast, SIT+PL resulted in a trend towards a greater 
proportion of type IIx fibers following the intervention period. These results suggest that a 
remodeling of skeletal muscle towards a more oxidative phenotype following SIT (26, 27) may 
be facilitated by BR supplementation and perhaps hampered by PL supplementation. Our 
findings are consistent with a recent study which also reported changes in muscle fiber type 
composition following 5 weeks of SIT with ~5 mmol daily NO3
- supplementation (21). These 
authors reported that SIT performed in hypoxia resulted in a significant increase in the relative 
number of type IIa fibers in the m. vastus lateralis (from ~45 to 56%) when subjects ingested 
NO3
- compared to placebo. It is possible that the differences in the muscle metabolic or 
performance response to exercise following SIT when combined with NO3
- compared to 
placebo supplementation (present study; 57) are related to changes in muscle fiber type 
composition – i.e., a greater reduction in type IIx fibers and/or a greater increase in type IIa 
fibers (present study; 21).     
It is important to highlight that both the BR and PL supplements contain high concentrations 
of antioxidants including betacyacins and polyphenols (38, 67) which may potentially interfere 
with skeletal muscle adaptations to training (56, 60). It is possible, therefore, that the 
adaptations to training in the SIT+PL group were attenuated in the present study due to the 
simultaneous intake of antioxidants. However, it is also possible that the potential for chronic 
NO3
- administration to enhance muscular adaptations and exercise performance with SIT was 
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underestimated in the SIT+BR group for the same reason. On the other hand, it has recently 
been reported that BR supplementation increases hydrogen peroxide emission from the 
mitochondria, an effect that could promote redox signaling (76) and enhance training 
adaptations. Moreover, the combination of NO3
- with antioxidants might promote the reduction 
of NO2
- to NO and facilitate physiological effects (36).  Further research should investigate the 
influence of NO3
- alone (as NaNO3 or KNO3) and BR on the skeletal muscle adaptations to 
training. Our study design involved 4 weeks of daily BR supplementation with the final dose 
being consumed on the morning of the post-intervention laboratory tests. Our measurements 
therefore reflect the combined effects of chronic and acute BR (or PL) supplementation 
superimposed on exercise training. It has been reported recently that 4 weeks of BR 
supplementation continues to exert physiological effects for at least 48 hours following the 
cessation of supplementation (80). Future studies might therefore be designed to partition out 
the influence of chronic NO3
- or BR supplementation (without additional acute 
supplementation) on the adaptations to training. 
Conclusions 
In the absence of training, chronic BR ingestion resulted in a significant reduction in the O2 
cost of moderate-intensity exercise and a small but significant increase in peak WR. SIT+PL 
resulted in improvements in peak WR during incremental exercise and time to task failure 
during severe-intensity exercise. Greater changes in peak WR during incremental exercise were 
found with SIT+BR compared to SIT+PL and NT+BR. In addition, type IIx muscle fiber 
proportion was reduced and, at the 3-min iso-time during severe-intensity exercise, muscle pH 
was higher and muscle (and blood) [lactate] was lower in SIT+BR only. These findings suggest 
that the independent physiological and performance effects of SIT and BR supplementation 
may be enhanced when these interventions are combined. Dietary NO3
- supplementation in the 
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form of BR may potentiate some exercise performance and muscle metabolic adaptations to 
SIT. 
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Figure Legends 
Figure 1. Mean ± SD resting plasma [NO3
-] (panel A) and plasma [NO2
-] (panel B) responses 
in SIT+BR (solid black line), SIT+PL (solid grey line) and NT+BR (dotted black line). * = 
different from pre-intervention (P<0.05); † = different from mid-intervention (P<0.05); ‡ = 
different from SIT+PL (P<0.05). 
Figure 2. Mean ± SE changes (∆) in peak WR at mid- and post-intervention in the three groups 
expressed relative to pre-intervention baseline. The change in peak WR from pre- to post-
intervention was greater in SIT+BR (solid black line) than SIT+PL (solid grey line) and 
NT+BR (dotted black line). * = different from pre-intervention (P<0.05), † = different from 
mid-intervention (P<0.05), # = different from NT+BR (P<0.05), ‡ = different from SIT+PL 
(P<0.05).  
Figure 3. Mean ± SD blood [lactate] at rest (black bars), 1 min (patterned bars), 3 min (grey 
bars) and at task failure (open bars) during severe-intensity exercise. * = different to pre-
intervention (P<0.05).  
Figure 4. Mean ± SD muscle [lactate] (panel A), muscle pH (panel B) and muscle [glycogen] 
(panel C) at rest (black bars), 3 min (grey bars) and at task failure (open bars) during severe-
intensity exercise. * = different to pre-intervention (P<0.05); # = different to post-intervention 
NT+BR (P<0.05); ‡ = different to post-intervention SIT+PL (P<0.05).  
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Chapter 7: General Discussion 
Since NO was first identified as an endothelium-derived relaxing factor, a series of scientific 
discoveries have attributed several physiological processes to the action of NO including cell 
signalling, metabolic control, and most recently, type II skeletal muscle contractility. These 
discoveries have prompted new avenues of investigation into the possibility of harnessing NO-
mediated processes with implications in medicine, pharmacology and physiology. One 
direction of research which has received much attention is the application of interventions 
which may enhance NO bioavailability, such as NO3
--rich beetroot juice supplementation, to 
exercise physiology and exercise performance.  Recent studies reporting a preferential effect 
on type II muscle during exercise suggest that NO3
--supplementation may be particularly 
effective when the requirement of type II muscle fibre recruitment is significant.  
Research questions addressed 
The aim of this thesis was to address the ergogenic potential of NO3
--supplementation in 
exercise settings that mandate a significant recruitment of type II muscle. Questions posed 
included: 
1) What are the effects of short-term NO3- supplementation on physical and cognitive 
performance during prolonged intermittent exercise performance? 
2) What are the effects of short-term NO3- supplementation on sprint running performance, 
and cognitive and exercise performance during high-intensity intermittent running? 
3) What are the physiological and performance effects of chronic NO3- supplementation when 
combined with sprint interval training (SIT)?  
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Summary of main findings 
Short-term BR supplementation improves team-sport specific exercise performance 
The primary novel findings from Chapter 4 and Chapter 5 were that short-term (5-7 days) NO3
- 
supplementation in the form of BR improved sprint-type exercise during protocols that reflect 
the metabolic demands and movement patterns of team sport match-play. Specifically, in 
Chapter 4, short-term BR supplementation improved the total work done during all-out sprint 
cycling bouts across a prolonged intermittent sprint test (IST) designed to mimic the typical 
duration and dynamic work profile of team sport play. In Chapter 5, short-term BR 
supplementation improved all-out sprint running performance over distances (5 m, 10 m and 
20 m) that are typically covered by team sport athletes during match-play. In Chapter 5, 
exercise performance was also improved during an ecologically valid high-intensity 
intermittent running test that is widely used to mimic the running bouts of football match-play 
(the Yo-Yo IR1 test). In Chapter 4, it was also found that, following BR supplementation, 
plasma [NO2
-] declined significantly during the first and second halves of the IST. Moreover, 
this decline was correlated to the improvement in total work done during the first half of the 
IST. Taken together, these findings suggest that short-term BR supplementation may improve 
performance in sprint and high-intensity intermittent exercise. Findings from Chapter 4 also 
support the notion that the ergogenic properties of NO3
-supplementation may be attributable to 
the increased capacity for NO2
--generated NO during exercise.  
Short-term BR supplementation improves decision-making reaction time  
In Chapters 4 and 5, cognitive tasks were used to assess response precision and decision-
making reaction time at rest and during and following exercise tests, as these are key 
components of cognition and like sport-specific physical capacity, are important determinants 
of sporting success, particularly in team sports.   
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A key novel finding of Chapters 4 and 5 was that short-term NO3
- supplementation in the form 
of BR improves decision-making reaction time for the same response precision during 
cognitive tasks performed during exercise. In particular, Chapter 4 indicated that short-term 
BR supplementation attenuated the decline in reaction time to the cognitive tasks that occurred 
following PL supplementation throughout the IST. In Chapter 5, overall decision-making 
reaction time was improved throughout the experimental protocol, but the greatest 
improvement occurred at rest, and not during high-intensity intermittent exercise. In Chapters 
4 and 5, there were no differences between PL and BR supplementation in response precision 
at rest, during or following exercise tests. Taken together, Chapters 4 and 5 provide evidence 
that short-term BR supplementation may improve aspects of cognitive performance in healthy, 
competitive team sport players.  
Chronic BR supplementation reduces the O2 cost of moderate-intensity exercise and BP, and 
improves incremental exercise performance 
Chapter 6, for the first time, addressed the physiological and performance effects of 4 weeks 
NO3
- supplementation in the form of BR. Chapter 6 demonstrates that 4 weeks BR 
supplementation elicits a number of favourable physiological effects including a reduction in 
the O2 cost of moderate-intensity exercise, systolic BP and MAP. In terms of exercise 
performance, 4 weeks, but not 2 weeks, BR supplementation improved peak WR measured 
during incremental test cycling. This finding suggests that exercise capacity is enhanced with 
longer compared to shorter supplementation periods. However, 4 weeks BR supplementation 
provided no change to V̇O2peak, tolerance to severe-intensity exercise and no changes in the 
muscle metabolic response to exercise or to the relative proportions of muscle fibre type.  
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Chronic BR supplementation and SIT combined enhances incremental exercise performance 
and augments muscle metabolic adaptation 
In Chapter 6, 4 weeks BR supplementation was combined with 4 weeks SIT in order to assess 
the possible synergistic effect of these independent stimuli over time on changes to vascular 
and respiratory physiology, exercise performance, and blood and muscle markers of the 
metabolic response to severe-intensity exercise. The main original finding of Chapter 6 was 
that the combination of BR supplementation and SIT enhanced peak WR during incremental 
exercise to a greater extent when compared to BR supplementation alone and SIT combined 
with 4 weeks PL supplementation. The combination of BR and SIT resulted in similar 
physiological effects to chronic BR supplementation alone, but in addition, improved V̇O2peak 
and tolerance to severe-intensity exercise. SIT+BR also demonstrated a more favourable blood 
and muscle metabolic profile during severe-intensity exercise. Specifically, blood and muscle 
[lactate] was lower, and muscle pH was higher at 3 min of severe-intensity exercise following 
4 weeks SIT+BR. However, despite evidence of an enhanced muscle metabolic response, this 
did not translate into greater tolerance to severe-intensity exercise in SIT+BR compared to 
SIT+PL. These findings indicate that exercise and muscle metabolic adaptations to chronic BR 
supplementation and SIT may be more potent when these interventions are combined. 
The ergogenic effect of dietary NO3- 
Prior to commencing the experimental components of this thesis, the literature surrounding the 
ergogenic effect of dietary NO3
- was comprised primarily of studies assessing the performance 
benefits during continuous or endurance type exercise (Bailey et al. 2009; Lansley et al. 2011a; 
Cermak et al 2012a; 2012b; Wilkerson et al. 2012). A recent meta-analysis of the effect of 
dietary NO3
-  on endurance performance indicates that dietary NO3
- likely elicits a positive 
effect on endurance exercise capacity but is less likely to be effective on TT performance 
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(McMahon et al. 2017). Recent advances in our understanding of how dietary NO3
- 
supplementation appears to favourably alter the physiological response of type II muscle to 
exercise (Hernández et al. 2012; Ferguson et al. 2013; 2015) have provided a clear rationale 
for testing the efficacy of NO3
- supplementation during high-intensity and sprint-type exercise 
which require the preferential recruitment of type II muscle fibres (Krustrup et al. 2006). The 
aim of this thesis was to provide novel insight into the practical applications of NO3
- 
supplementation in such exercise settings.   
Sprint exercise 
The potential for NO3
- supplementation to improve sprint-type exercise performance has been 
addressed in Chapters 4 and 5. Given that sprint exercise performance is a key component of 
team sport play, these chapters were designed so that the findings have application in this 
particular exercise setting. Chapter 4, for the first time, assessed the ergogenic effect of short-
term BR supplementation on sprint cycling performance during an exercise protocol which not 
only reflects the multiple sprint-recovery patterns but also the typical duration of team sport 
match-play (the IST). Chapter 4 identified that 7 days BR supplementation significantly 
improved total work done by 3.5% during the 6 s sprints of the IST. Given the importance of 
type II muscle in the performance of all-out sprint exercise (Greenhaff et al. 1994), the effects 
of BR on the contractile function (Hernández et al. 2012) and perfusion (Ferguson et al. 2013; 
2015) of type II fibres might be important determinants of the observed differences in sprint 
performance between BR and PL.  
A slower rate of ATP and PCr resynthesis in type II fibres between the high-intensity bouts 
might be anticipated during the high-intensity bouts of the IST (Casey et al. 1996). However, 
NO3
- supplementation has been reported to attenuate the slowing of PCr recovery observed in 
hypoxia, restoring PCr recovery kinetics following exercise to values observed in normoxia 
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(Vanhatalo et al. 2011; 2014) and to reduce the ATP and phosphocreatine PCr cost of muscle 
force production during high-intensity exercise (Bailey et al. 2010; Fulford et al. 2013). 
Therefore, following BR supplementation, type II muscle may experience greater force 
production for the same ATP and PCr cost during the all-out sprints, and a greater restoration 
of PCr during the active and passive recovery periods during the IST. 
The findings of Chapter 4 are in contrast to other investigations demonstrating no effect an 
acute, low dose (~ 5mmol) NO3
- on the capacity to perform repeated 8-10 s cycling sprint bouts 
(Martin et al. 2014) and no effect of 6 days BR supplementation (~ 5.5 mmol NO3
- per day) on 
the capacity to perform repeated 20 s cycling sprint bouts sprints (Christensen et al. 2013). 
These differences may be explained by differences in the supplementation regimen in these 
studies compared to Chapter 4. Indeed, previous studies revealing favourable alterations in type 
II muscle contractile function (Hernández et al. 2012; Haider and Folland 2014) have employed 
high dose supplementation regimens of 7 days in duration. It is possible that the previously 
observed structural protein-related changes (Hernández et al. 2012) required to evoke changes 
in muscle force generation do not occur rapidly enough following shorter periods of 
supplementation. However, acute supplementation has recently been shown to be effective at 
increasing the speed and power of maximal knee extensor exercise (Coggan et al. 2015). 
Further study is required to determine the effectiveness of different supplementation 
procedures and the contribution of protein-related changes in type II muscle to changes in sprint 
performance.  
In light of the findings from Chapter 4, it was necessary to address the ergogenic effect of BR 
supplementation in a protocol which could more closely emulate the movement patterns (i.e. 
straight line running) of sprint exercise in most team sports. Therefore, Chapter 5, for the first 
time, addressed the ergogenic effect of BR supplementation during sprint running exercise over 
distances typically covered during team sport play. The principal novel finding of Chapter 5 
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was that short-term BR supplementation improved the performance of sprints over distances 
of 5 m (by 2.3%), 10 m (by 1.6%) and 20 m (by 1.2%). Moreover, given that sprinting over the 
first 5 m resulted in the greatest improvement, and that performance was also improved in the 
split between 5 and 10 m (by 1.2%), these data also suggest that the acceleration phase of 
sprinting may be benefitted the most. Taken together, these findings are consistent with the 
improved sprint running performance over 180 m following NO3
- supplementation reported by 
Sandbakk et al. (2015) and with observations of improved contractile function in studies using 
isolated muscle models (Haider and Folland 2014; Coggan et al. 2015) but make an important 
novel contribution to the application of BR supplementation in activities requiring the 
generation of maximal power and speed over short distances, such as team sport. Furthermore, 
the weak, but significant correlations between sprint performance in the PL condition and the 
magnitude of change in performance of 5 m, 10 m and 20 m following BR supplementation, 
indicates that the slowest sprint performers benefitted the most from BR supplementation. This 
supports previous findings that the ergogenic effect of NO3
- supplementation is dampened in 
more highly trained participants (Wilkerson et al. 2012; Cermak et al. 2012b). However this 
finding is somewhat surprising, given that faster sprinters might be expected to exhibit a higher 
proportion of type II muscle fibres and that recent findings point towards a targeted effect of 
NO3
- in type II muscle. Further investigation is required to elucidate the impact of dietary NO3
- 
supplementation on sprint performance in populations exhibiting different muscle fibre 
phenotypes.  
High-intensity intermittent exercise 
Owing to the aforementioned effects of dietary NO3
- on muscle PCr utilisation during high-
intensity exercise (Bailey et al. 2010; Fulford et al. 2013) and on the rate of muscle PCr 
recovery at the cessation of exercise (Vanhatalo et al. 2011; 2014), BR supplementation holds 
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promise as an ergogenic aid during high-intensity intermittent exercise. This is supported by 
the increasing evidence of a preferential effect of NO3
- supplementation on type II muscle 
(Hernández et al. 2012; Ferguson et al. 2014; Breese et al. 2013; Bailey et al. 2015), of which 
high-intensity intermittent exercise performance requires a significant contribution (Krustrup 
et al. 2006). Indeed, prior to commencing the experimental components of this thesis, evidence 
began to emerge to support the use of NO3
- supplementation in high-intensity intermittent 
exercise. The first evidence for this was the improvement in high-intensity intermittent exercise 
observed during the later stages (1.7% improvement over repetitions 4-6) of 6 X 500 m rowing 
bouts following 6 days BR supplementation (~5.5 mmol/day) reported by Bond et al. (2012). 
Following this Wylie et al. (2013a) demonstrated that very high dose (29 mmol over 36 hours) 
BR supplementation improved distance covered during the Yo-Yo IR1 test by 4.2%. Since the 
Yo-Yo IR1 test is correlated with high-intensity running during soccer games (Krustrup et al. 
2003), this was the first study to show that dietary NO3
- could improve performance during 
team sport specific exercise. However, the dosing procedure used far exceeds that adopted in 
studies in which BR supplementation has improved the performance of continuous endurance 
exercise performance (Bailey et al. 2009; 2010; Lansley et al. 2011; Vanhatalo et al. 2010). 
Therefore, Chapter 5 aimed to investigate the impact of a smaller NO3
- dose (similar to that 
used to promote continuous endurance exercise performance) on high-intensity intermittent 
running during the team sport specific Yo-Yo IR1 test. Importantly, Chapter 5 revealed that a 
similar performance gain (+3.9%) in distance covered during the test was achieved following 
the ingestion of ~6.4 mmol NO3
- per day for 5 days. During the development of this PhD thesis, 
there have been several other studies investigating the effects of NO3
- supplementation on high-
intensity intermittent exercise performance, with some showing positive changes (Aucouturier 
et al. 2015; Wylie et al. 2016), some showing no change (Christensen et al. 2013; Muggeridge 
et al. 2013) and one showing negative changes (Martin et al. 2014). However, there have been 
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large differences in the testing protocol used, the training status of participants, and in the dose 
and duration of NO3
- supplementation prior to these exercise tests. Chapter 5 indicates that 
short-term BR supplementation can improve the performance of team sport specific high-
intensity intermittent exercise, at least in competitive team sport players.  
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Figure 7.2. An extension of Figure 2.2: Proposed mechanisms by which dietary NO3
- 
supplementation may enhance exercise performance in exercise settings requiring significant 
type II muscle fibre activation. In light of the findings from this thesis, dietary NO3
- may have 
significant value to athletes engaging in high-intensity intermittent and sprint sports. However, 
this assertion should be investigated in an elite population. 
Decision-making reaction time 
A central purpose of this thesis was to address key issues regarding the application of dietary 
NO3
- supplementation in team sport exercise. This required assessing the possible ergogenic 
effect of BR supplementation on decision-making, a key component of team sport performance 
(McMorris and Graydon 1996). An important novel finding from Chapters 4 and 5 is that NO3
- 
supplementation improved decision-making reaction time. In Chapter 4, 7 days BR 
supplementation improved decision-making reaction time during prolonged intermittent sprint 
cycling and in Chapter 5, 5 days BR supplementation improved decision-making reaction time 
during high-intensity intermittent running.  
In Chapter 4, the greatest improvements in decision-making reaction time following BR 
supplementation occurred over the final third of each half of the IST. In Chapter 5, we sought 
to investigate the potential for a lower dose of dietary NO3
- to evoke similar effects, but this 
time during a high-intensity intermittent running test. Although there was a significant 
improvement in decision-making reaction time over the entire protocol (before, at 75% and at 
exhaustion combined) following BR, in contrast to Chapter 4, the greatest improvement 
occurred at rest, rather than during the exercise bout. Nonetheless, Chapters 4 and 5 provide 
evidence for the use of short-term NO3
- supplementation in team sports in order to improve 
aspects of both physical and cognitive performance. Given recent findings of improved cerebral 
blood flow (Presley et al. 2011) at the onset of cognitive task performance (Wightman et al. 
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2015) following NO3
- supplementation, particularly to the areas responsible for executive 
functioning (Presley et al. 2011; Wightman et al. 2015), it is likely that the differences in 
decision-making reaction time between conditions in Chapters 4 and 5 are related to differences 
in cerebral oxygenation during the cognitive tasks.   
To our knowledge, only one other study has assessed the effect of dietary NO3
- on cognitive 
function during exercise. In contrast to Chapter 4, Thompson et al. (2014) revealed no 
improvement in task performance despite evidence of a reduced cerebral O2 cost of mental 
processing during cognitive tasks undertaken with concomitant continuous cycling exercise for 
two 20 min periods at 50% and 70% V̇O2peak, respectively. The authors postulated that the lack 
of performance differences between treatment conditions might reflect an insufficient change 
in cerebral oxygenation following NO3
- supplementation compared to PL. Such an effect, and 
the contrasting findings to Chapter 4, may be due to the single low dose (~5 mmol NO3) used 
compared to the more protracted and higher dosing regimen employed in Chapter 4. 
Furthermore, since strenuous exercise disengages the higher order functions of the pre-frontal 
cortex to avoid compromising optimal motor function (Dientrich and Audiffren 2011), the 
exercise type (continuous exercise), duration (40 min) and intensity (50-70% V̇O2peak) may 
have been insufficient to reduce the functional capacity of the pre-frontal cortex during PL 
whereas, in Chapter 4, the favourable effects of BR supplementation on cognitive performance 
may have been assisted by the particular exercise protocol employed. Furthermore, the 90 min 
protocol consisting of regular transitions between high- and low- intensity cycling may give 
rise to greater hypoxia and acidosis in both the active skeletal muscle and cerebral tissue thus 
increasing the potential for NO generation from NO2
- and preserving several NO-mediated 
cerebral processes.  
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Few studies have investigated the effect of dietary NO3
- on cognitive performance at rest in a 
healthy population. Kelly et al. (2013) found no effect of 3 days NO3
- supplementation on the 
ability of a healthy older population to complete cognitive tasks at rest. In addition, and in 
contrast to Presley et al. (2013), no change in markers of cerebral perfusion was evident. 
However, Wightman et al. (2015) recently demonstrated that a single dose of BR improved 
cognitive performance at rest and was able to modulate the hemodynamic response to task 
performance. However these conflicting findings might be explained by the differences in task 
repetitions used i.e. Kelly et al. (2012) assessed “one-off” performance whereas Wightman et 
al (2015) assessed the performance of several tasks over a 54 min period thus increasing test 
sensitivity. As discussed in Chapter 5, this factor may also explain the discrepancy between the 
findings of decision-making reaction time during exercise following BR supplementation in 
Chapters 4 and 5.  
In summary, Chapters 4 and 5 provide evidence of improved cognitive performance, 
specifically decision-making reaction time, during high-intensity intermittent exercise. In the 
light of findings from other recent studies, these effects may be related to changes in the 
hemodynamic response to cognitive task performance. It is likely that the modality of exercise 
performed and the number of cognitive task repetitions are important factors that determine the 
effectiveness of NO3
- supplementation to enhance cognitive task performance during exercise. 
Nonetheless, the findings of Chapters 4 and 5 suggest that NO3
- supplementation may be used 
as a nutritional aid to offset the possible decrements in aspects of cognitive performance during 
team sport play.  
Adaptations to sprint interval training 
Chapter 4 and 5 provided insight into the effectiveness of dietary NO3
- supplementation at 
improving sprint and high-intensity intermittent performance in settings which mimic the 
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metabolic and movement demands of team sport play. These findings have implications for the 
practical application of BR supplementation in the days leading up to, and including the day of 
competitive match play. However, prior to the commencement of Chapter 6, there were no 
studies evaluating the combined effect of NO3
- supplementation and SIT on physiological, 
muscle metabolic and performance outcomes. This is an important question, given that SIT is 
known to be a potent stimulus for enhancing exercise performance (Burgomaster et al. 2005; 
2006; 2008; Gibala et al. 2006) and is an increasingly popular training method in several sports. 
Therefore, Chapter 6 aimed to test whether the independent stimuli from the separate 
interventions of 4 weeks SIT and 4 weeks BR supplementation would evoke more favourable 
physiological and performance outcomes when combined than when administered separately. 
The main novel finding of Chapter 6 was that the combination of SIT and BR elicited greater 
changes in peak WR during an incremental cycling test than either intervention alone. 
Consistent with the findings from Chapter 6, Muggeridge et al. (2016) reported that peak WR 
during an incremental test tended to improve to a greater extent when SIT was combined with 
dietary NO3
- compared to when SIT was combined with a placebo. Chapter 6 also revealed 
that, although there were greater improvements in peak WR and the muscle metabolic response 
during severe-intensity exercise, the magnitude of improvement in tolerance to constant work-
rate, severe-intensity exercise was not statistically different between SIT+BR (+68%) and 
SIT+PL (+55%). Given the nature of the exercise that participants were regularly engaging in 
during the training sessions (repeated sprints), and the emerging evidence that BR 
supplementation may be particularly ergogenic during high-intensity intermittent and sprint 
exercise, it is possible that the synergistic stimuli of BR supplementation and SIT would elicit 
greater changes in exercise settings requiring the regular generation of maximal speed such as 
sprint- and intermittent-type rather than continuous-type exercise. However, further 
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investigations are required to assess the combined effect of BR supplementation and SIT on 
the ability to perform team sport specific exercise. 
A particular strength of Chapter 6 is that, in addition to assessing changes in exercise 
performance, measures of muscle metabolism were taken in order to highlight potential 
mechanistic changes consequent to the interventions. The novel contribution of this work was 
the assessment of changes in the muscle metabolic response to exercise following an 
intervention of SIT and BR supplementation combined. In concert with the greater changes in 
exercise performance, SIT+BR was the only group to demonstrate favourable changes in blood 
and muscle markers of muscle metabolism during exercise. Specifically, muscle and blood 
[lactate] were lower, and muscle pH was higher during severe-intensity exercise in SIT+BR.  
Consistent with a study of combined BR supplementation and SIT in hypoxia (De Smet et al. 
2016), Chapter 6 also revealed a reduction in the proportion of type IIx muscle fibres following 
SIT+BR, but in normoxia. Together, these findings suggest that the typically observed 
transition towards a more oxidative phenotype following SIT (Burgomaster et al. 2005; 2006; 
Gibala et al. 2006), may be amplified by concurrent BR supplementation.  
The lack of significant change in fibre type proportion following SIT+PL is surprising given 
previous reports of elevated oxidative capacity following SIT (Burgomaster et al. 2005; 2006). 
However, it is important to note that our exercise training protocol was lower in volume per 
visit (i.e. fewer sprints per visit) and the progression in training volume was more gradual than 
in earlier studies wherein SIT significantly increased oxidative capacity (measured by maximal 
citrate synthase activity; Burgomaster et al. 2005; 2006). Furthermore, there is also the 
possibility that some of the characteristic adaptations of skeletal muscle to training may be 
blunted by concurrent supplementation with a product high in antioxidants (i.e. beetroot juice; 
Kazimierczak et al. 2014; Shepherd et al. 2015) (Paulsen et al. 2014; Morrison et al. 2015). 
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This may explain the lack of detectable improvements in measures of muscle oxidative capacity 
or the metabolic response to exercise following SIT+PL. In turn, the absence of peripheral 
adaptation in skeletal muscle may explain the smaller improvement in exercise performance 
following SIT+PL compared to SIT+BR and no change in V̇O2peak following SIT+PL. It is also 
possible that the potential for BR supplementation to augment oxidative capacity and exercise 
performance following SIT was underestimated in the Chapter 6 due to the simultaneous intake 
of antioxidants. Further research should investigate the influence of NO3
- alone compared to 
NO3
--rich beetroot juice on the skeletal muscle adaptations to training.   
In the light of the improvements in sprint and high-intensity exercise performance observed in 
Chapters 4 and 5, it is important to note that although not monitored, BR supplementation may 
have enabled a higher training intensity during the SIT sessions in Chapter 6. This might be 
anticipated given the previously discussed effects of NO3
- supplementation on exercising V̇O2 
(Larsen et al. 2007; Bailey et al. 2009; Vanhatalo et al. 2010) and the ATP and PCr cost of 
muscle force production (Bailey et al. 2010; Fulford et al. 2013). Muggeridge et al. (2016) 
revealed that the ingestion of ~8 mmol NO3
- 2.5 hours prior to sprint training may have a 
favourable effect on the amount of work performed in each session. In particular, and consistent 
with findings from Chapter 4 of this thesis, NO3
- appeared to attenuate the decline in power 
output during repeated sprint cycling bouts. If greater training intensities were attained (i.e. 
greater maximal work) in the SIT+BR condition, this may be a key determinant of the larger 
improvements in exercise performance and muscle metabolic response to severe-intensity 
exercise reported in Chapter 6. 
The findings from Chapter 6 provide an important novel contribution to the understanding of 
the physiological and performance effects of chronic dietary NO3
-, and the interaction of 
dietary NO3
- with SIT. Chapter 6 provides evidence that, separately, 4 weeks dietary NO3
- in 
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the form of BR and 4 weeks SIT can improve exercise performance, but greater improvements 
are possible when these two interventions are combined. Other important findings from 
Chapter 6 are that the combined stimulus of BR supplementation and SIT is more potent than 
either intervention alone at evoking favourable changes to muscle oxidative capacity and the 
muscle metabolic response to exercise. 
Importantly, the collective findings from this thesis indicate that BR can have some practical 
applications for team sport and sprint athletes. The improvements in sprint performance over 
the two halves of the team-sport specific SIT in Chapter 4, the faster sprint running observed 
over distances typically covered by team sport athletes in Chapter 5, and the improved decision-
making reaction time observed across the exercise protocols in Chapter 4 and 5 following short-
term BR supplementation have direct implications for team-sport athletes. These findings 
suggest that applying interventions aimed at increasing dietary NO3
- intake in the days before 
and at 2.5 hours before competitive play, may improve the capacity of team sport players to 
perform repeat sprint activity and improve decision-making speed. Furthermore, an athlete may 
experience greater physiological adaptation and improvements in exercise performance in 
response to SIT if a concurrent nutritional intervention includes elevating dietary NO3
- intake.  
Dietary NO3- increases plasma [NO2-]: implications for exercise performance 
Consistent with previous findings (Bailey et al. 2009; Vanhatalo et al. 2010; Larsen et al. 2010; 
Wylie et al. 2013b), BR supplementation enhanced circulating plasma [NO3
-] and [NO2
-] in all 
three experimental chapters. Also, in line with recent research highlighting that the rise in 
plasma [NO2
-] is dose-dependent (Wylie et al. 2013b), the supplementation regimen in Chapter 
4 (using a dose of ~ 12.8 mmol NO3
- per day over 7 days) resulted in a 350% elevation in 
resting plasma [NO2
-], whereas the supplementation regimen in Chapter 5 (using a dose of ~ 
6.4 mmol NO3
- per day but over 5 days) resulted in a ~226% elevation in resting plasma [NO2
-
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]. Furthermore, in Chapter 6, resting plasma [NO2
-] was elevated by ~485% at 2 weeks and 
~715% at 4 weeks in SIT+BR and by ~600% at 2 weeks and ~690% at 4 weeks in NT+BR 
using the same dose of NO3
- per day as in Chapter 4. These findings suggest that the plasma 
[NO2
-] response to BR supplementation is indeed dose-dependent but given the same daily 
dose, plasma [NO2
-] is elevated further by more protracted periods of supplementation in a 
duration-dependent manner. This pattern was also observed for plasma [NO3
-] in Chapter 6. 
Therefore the findings from Chapter 6 suggest that prolonged supplementation may enhance 
the NO3
- uptake and transport mechanisms within the body compartments (Fig. 2.1) on one 
hand, and the pathway by which NO3
- is reduced to NO2
- (Fig. 2.1) on the other.  
The significant decline in plasma [NO2
-] observed during the IST following BR 
supplementation in Chapter 4 and during severe-intensity exercise in SIT+BR and NT+BR in 
Chapter 6 (See Figure 7.1) is consistent both with previous findings (Dreißigacker et al. 2010; 
Wylie et al. 2013a; Kelly et al. 2014) and with the notion that plasma NO2
- acts as a circulating 
reservoir for NO generation, supplementing the activity of the NOS pathway. This becomes an 
increasingly important means of NO production during exercise when the activity of the NOS 
pathway may be reduced (Lundberg et al. 2008). In Chapter 6, the magnitude of decline in 
plasma [NO2
-] from resting baseline to exhaustion during severe-intensity exercise was similar 
between NT+BR and SIT+BR (~65% decline; Figure 1). However, the magnitude of decline 
in plasma [NO2
-] from resting baseline to 3 min of severe-intensity exercise was greater 
following NT+BR (~45% decline) compared to SIT+BR (~25% decline; Figure 7.1). It is 
possible that this may be related to differences in training status induced by the separate 
interventions, i.e. less reduction of NO2
- to NO may have been required following SIT+BR due 
to greater NOS activity and increased muscle capillarisation and oxygenation as a result of 
training (Cocks et al. 2015). 
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Figure 7.1: Plasma [NO2
-] declined significantly between resting baseline and task failure 
during severe-intensity exercise in SIT+BR (panel A; closed circles) and NT+BR (panel B; 
closed circles). The magnitude of the decline in plasma [NO2
-] during the first (non-exhaustive) 
bout of severe-intensity exercise was greater in NT+BR compared to SIT+BR There were no 
changes in plasma [NO2
-] during severe-intensity exercise at pre-intervention (open circles). * 
different from pre-intervention (P<0.05); # different from resting baseline (P<0.05). Error bars 
indicate the SE. 
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In Chapters 5 and 6, the elevations in plasma [NO2
-] occurred in concert with reductions in 
systolic BP, which is consistent with elevated systemic NO bioavailability. The magnitude of 
reduction appears to be dose-dependent with the supplementation regimen employed in 
Chapter 5 lowering systolic BP by ~2%, and the supplementation regimen employed in Chapter 
6 lowering systolic BP by 4-6% at 2 weeks and by 5-9% at 4 weeks.  Given the differences 
between Chapter 4 and 6 in the dose administered, these findings support those of Wylie et al. 
(2013b) which indicated a dose-dependent peak reduction in systolic BP up to 8.4 mmol NO3
- 
and no greater reduction with 16.4 mmol NO3
-. 
Potential therapeutic applications 
Other than the obvious applications for athletes engaging in sprint and high-intensity 
intermittent sports, and sprint interval training, the findings of this thesis may also have several 
important therapeutic implications to a range of populations. The reductions in resting systolic 
and mean arterial BP as a result of short-term NO3
- supplementation in Chapter 5 and as a result 
of chronic NO3
- supplementation reported in Chapter 6 have important health implications. The 
magnitude of reduction in systolic BP was ~ 2 mmHg following 5 days NO3
- supplementation 
in Chapter 5 and ~ 4 mmHg following 2 weeks and ~ 10 mmHg following 4 weeks NO3
- 
supplementation in Chapter 6. These findings have important implications for the prevention 
of cardiovascular disease as a systolic BP reduction of just 2 mmHg across the lifespan could 
save more than 14,000 UK lives per year (Critchley and Capewell, 2003) and a reduction of at 
least 5 mmHg has been estimated to reduce the risk mortality due to stroke by 14% and 
cardiovascular diseases by 9% (Chobanian et al. 2003). A simple nutritional strategy such as 
dietary NO3
- supplementation may serve as an important intervention in the primary prevention 
of hypertension and could complement pharmacological therapies to reduce cardiovascular 
risk.  
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Chapter 6 also demonstrated that chronic NO3
- supplementation alone enhanced exercise 
capacity and that exercise training with concurrent NO3
- supplementation may enhance V̇O2peak. 
These findings, together with the reduction in the O2 cost of moderate-intensity evident in both 
BR supplemented groups in Chapter 6, suggests that dietary NO3
- may evoke therapeutic 
benefits for individuals suffering from pathological conditions which limit functional capacity 
such as chronic obstructive pulmonary disease, diabetes and cardiovascular diseases. 
Moreover, given that NO generated from NO2
- is facilitated by low PO2/pH environments 
(Lundberg et al. 2004; Lundberg and Weitzberg 2010), and that these pathological conditions 
may induce tissue hypoxia, the potential for dietary NO3
- (and in combination with exercise 
training) to enhance functional capacity may be greater in such populations. However, further 
study needs to assess the long term efficacy of dietary NO3
- in the prevention of such conditions 
and to test the safety of dietary NO3
- as an adjuvant to pharmacological therapy in populations 
with high cardiovascular disease risk. 
Experimental considerations and future directions 
It is important to highlight that the current thesis contributes to the growing evidence base to 
support NO3
- supplementation as an ergogenic aid in sport and exercise, but under the specific 
conditions of each investigation in this thesis. Dietary NO3
- can be considered ergogenic when 
administered as BR in the particular doses, durations and to the particular cohort of participants 
engaging in the exercise protocols used in Chapters 4-6. Whilst this thesis contributes to our 
understanding of the ergogenic potential of BR supplementation in high-intensity intermittent 
and sprint-type exercise and training, there are several further questions raised by the 
investigations herein. 
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What is the smallest practically meaningful ergogenic effect for team sport performance by 
NO3
- vs placebo?  
In order for significant findings from laboratory/field tests to be practically meaningful to an 
athlete, the chosen tests must be valid and reliable.  In Chapters 4 and 5, both laboratory and 
field tests were employed to reproduce the demands of some aspects of team sport play. 
Specifically, in Chapter 4, an extension (two 40-min instead of two 36-min ‘halves’) of a 
previously used IST protocol was used to mimic the repeated sprint cycles performed over the 
typical duration of team sport match play and in Chapter 5, sprint running was assessed using 
timed 20-m maximal bouts, and high-intensity intermittent running was assessed using the Yo-
Yo IR1 test.  
Given the validity and reliability of the chosen exercise tests (See General Methods - Validity 
and reliability of team sport-specific tests), it is possible to estimate the practical application 
of the findings from Chapter 4 and 5 to team sport athletes. In order to do so, it is important to 
consider whether the enhancements in performance observed is equal to or above a magnitude 
eliciting the smallest worthwhile change in performance after taking into account test-to-test 
variability (Hopkins, 2004). In other words, for the observed enhancement to be meaningful to 
the athlete, the enhancement needs to overcome this variability. This can be done by calculating 
the standardised difference (Cohen’s d statistic; ∆mean/SD) where the smallest worthwhile 
change is ~0.2 (Hopkins 2004). In Chapter 4, the enhancements in work done following BR 
supplementation during the 6-s sprints of the IST can be considered trivial for the first (d = 
0.16) half and, in Chapter 5, the enhancements in sprint performance following BR 
supplementation can be considered small for 20 m (d = 0.29), 10 m (d = 0.35) and 5 m (d = 
0.35).  Although small, the effect of short-term BR supplementation on sprint and high-
intensity intermittent performance may be practically important to athletes in competitive 
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settings where small reductions in the time taken to cover a given distance or small 
enhancements in an athlete’s capacity to cover distances during game time may be beneficial.  
Furthermore, using 90% CL, probabilistic magnitude based inferences (Batterham and Hopkins 
2006; Hopkins et al. 2009) suggest that, in Chapter 4, the effect of BR supplementation on IST 
first half performance can be considered “possibly beneficial”, and in Chapter 5, the effect of 
BR supplementation on sprint performance is “possibly beneficial” for 20 m and “likely 
beneficial” for 10 m and 5 m (Hopkins, 2002).  
Responders vs. non-responders 
Similar to other putative ergogenic aids, some research has indicated that there are potential 
responders and non-responders to dietary NO3
- supplementation (Wilkerson et al. 2012; 
Christensen et al. 2013). Further research might investigate the range of characteristics that 
influence an individual response to NO3
- supplementation. One such characteristic may be 
training status. As discussed previously, the ergogenic effect of NO3
- supplementation may be 
dampened by certain physiological characteristics of endurance trained athletes. Specifically, 
the relatively high plasma [NO2
-] (Rassaf et al. 2007; Poveda et al. 1997), elevated NOS activity 
(McAllister and Laughlin 2006; McConell et al. 2007), and the higher capacity to preserve 
muscle oxygenation (Cocks et al. 2015) in trained individuals may reduce the scope of NO3
- 
supplementation to induce performance and physiological changes of a similar magnitude to 
those reported in the calibre of participants recruited in the experimental studies of this thesis. 
Aforementioned findings from Wilkerson et al. (2012) indicate that NO3
- supplementation may 
only be beneficial to the trained endurance athlete who experiences an appreciable elevation in 
plasma [NO2
-]. Therefore, there may be the existence of an individual threshold with which 
plasma [NO2
-] needs to attain or exceed in order for a trained individual to experience exercise 
performance benefits. Wylie et al. (2013b) demonstrated a dose-dependent rise in plasma  
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[NO2
-] in healthy untrained individuals following acute BR supplementation. Moreover, the 
number of non-responders to the tests of exercise capacity decreased as the dose administered 
increased. Together, these findings suggest that some individuals (trained or untrained) require 
larger doses of dietary NO3
- to elicit performance benefits and that the subsequent plasma  
[NO2
-] response may be a key indicator of exercise performance, at least in trained individuals. 
Further research is required to elucidate the factors that limit the plasma [NO2
-] response in 
both trained and untrained individuals.  
An interesting finding during Chapter 4 was the significant decline in plasma [NO2
-] observed 
during each half of the IST following BR supplementation. During the first half, 10 out of the 
16 subjects “responded” to BR supplementation in terms of exercise performance (Figure 7.3). 
Interestingly, these participants experienced the greatest reduction in plasma [NO2
-] during the 
IST. This is consistent with the findings from Wylie et al (2013a) during high-intensity 
intermittent running (Yo-Yo IR1 test) and supports the notion that circulating NO2
- is utilized 
to generate NO during exercise. Moreover, two of the three non-responders to the Yo-Yo IR1 
test following BR supplementation experienced no decline in plasma [NO2
-] during the test 
(Wylie et al. 2013a). Although blood samples were not taken during the Yo-Yo IR1 test in 
Chapter 5, this same relationship between plasma NO2
- and exercise performance is possible. 
Therefore, it appears that both the extent to which dietary NO3
- can increase plasma [NO2
-] 
before an exercise task and the extent to which the individual can ‘utilize’ the availability of 
NO2
- during an exercise task may partly account for an individual response to dietary NO3
- 
supplementation. It is possible that a number of steps in the NO3
--NO2
--NO pathway (See 
Figure 2.1), if inhibited, may limit the conversion of NO3
- to NO2
-. For example, reducing the 
activity of commensal bacteria in the oral cavity inhibits the reduction of NO3
- to NO2
- (Govoni 
et al. 2008) and blunts the physiological effects of NO3
- supplementation (McDonagh et al. 
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2015). Future investigations might investigate factors which may limit the processes within 
this pathway in order to determine an individual’s capacity to process dietary NO3-. 
Finally, given that type II muscle fibres have a substantially lower microvascular PO2 during 
contraction than their slow-twitch counterparts (McDonagh et al. 2005), the reduction of this 
circulating reservoir of plasma NO2
- to NO may be accentuated in individuals with larger 
proportions of type II fibres in the working musculature, particularly during high-intensity 
intermittent exercise. If so, the physiological and exercise performance response of individuals 
with a larger proportion of type I muscle fibres may be abated. Furthermore, given the findings 
of this thesis and the previous findings indicating a type II muscle fibre targeted effect of NO3
- 
supplementation, future study should aim to characterize responders and non-responders on the 
basis of directly measured fibre type.  
 
Figure 7.3. Individual responses (Δ work done) in the first half of the IST following short-term 
BR supplementation compared to short term PL supplementation. Results from Chapter 4. 
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What are the effects of NO3
- supplementation in highly trained team sport/sprint sport athletes? 
Recreationally-active team sport players regularly competing in local football, hockey and 
rugby teams volunteered to participate in the experimental chapters of this thesis and none of 
the participants recruited were considered to be elite or highly trained. As a result, the findings 
from the experimental chapters of this thesis support the use of NO3
- supplementation as an 
ergogenic aid for sprint and high-intensity intermittent sports at least in competitive, but not 
elite, team sport players. Extrapolating the findings of each experimental chapter to elite 
populations or populations not accustomed to the metabolic demands and movement patterns 
specific to team sport should be done with caution. 
Whilst the ergogenic potential of dietary NO3
- may be lower in elite endurance athletes, the 
opposite might be possible in elite sprint and team sport athletes. Given the aforementioned 
findings that support the notion of the preferential effect of NO3
- supplementation on type II 
fibres (Hernández et al. 2012; Breese et al. 2013; Ferguson et al. 2013; 2015; Bailey et al. 2015; 
Coggan et al. 2015), and that elite sprint and team sport athletes are likely to possess a larger 
percentage of type II muscle fibres (Costill et al. 1976; Saltin et al. 1977; Tesch et al 1984), the 
ergogenic effect of NO3
- supplementation may in fact be preserved or even accentuated in elite 
sprint and team sport athletes compared to the cohort of participants recruited in Chapters 4-6. 
However, the lack of fibre type data available in Chapters 4-5 makes it impossible to test this 
assertion for sprint and high-intensity intermittent exercise.  
It remains to be determined whether the improvements in sprint and high-intensity intermittent 
performance found in Chapters 4 and 5 would translate to highly trained team sport/sprint sport 
athletes. Therefore, further study is needed to assess the impact of NO3
- supplementation on 
the performance of highly trained speed and power athletes in exercise settings that mandate 
significant type II muscle fibre recruitment. 
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What are the effects of chronic vs. acute BR ingestion on sprint performance and sprint interval 
training adaptation? 
The experimental designs of Chapters 4-6 employed supplementation protocols that were 
expected to be efficacious for inducing favourable changes in exercise efficiency and 
performance. Given the importance of NO2
- availability in exercise performance (Dreißigacker 
et al. 2010; Wilkerson et al. 2010; Wylie et al. 2013a), participants were asked to undergo 
experimental testing procedures 2.5 hours following the ingestion of the final BR dose in each 
supplementation regimen to coincide with the reported peak plasma [NO2
-] response (Wylie et 
al. 2013b). However, this does not allow the assessment of the relative contribution of acute 
and chronic supplementation to the effects observed. It is possible that supplementation for 
several days elicits a number of structural changes at a cellular level that are more important 
determinants of the changes in exercise performance and adaptations to training than the 
transient effects elicited by acute supplementation. Future studies should compare acute and 
chronic (i.e., without the acute dose administered 2.5 h before exercise) supplementation in 
order to tease out the relative impact of the transient physiological changes that may take place 
following acute supplementation vs. the adaptive responses of several days/weeks 
supplementation on these performance outcomes. 
What are the effects of NO3
-supplement type on sprint performance and sprint interval training 
adaptation? 
All experimental chapters in this thesis included supplementation with both a NO3
--rich and a 
NO3
--depleted beetroot juice. It is therefore possible that the reported changes in variables 
measured in Chapters 4-6 are due to the effects of ingested beetroot juice, with the concomitant 
ingestion of betacyanins and polyphenols (Kazimierczak et al. 2014; Shepherd et al. 2015), 
rather than supplementation with NO3
- in isolation. These compounds possess varying degrees 
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of antioxidant activity and the main betacyanin present in beetroot juice, betanin (table 7.1), 
has been independently shown to possess high antioxidant activity (Butera et al. 2002).  
The co-ingestion of the betacyanins and polyphenols found in beetroot juice (Table 7.1) may 
increase the capacity for NO synthesis from NO2
- (Bartsch et al. 1988; Gago et al. 2007; Peri 
et al. 2005). Indeed, chlorogenic acid, found in both the BR and PL used (Table 7.1), has been 
shown to promote NO release by human saliva at the acidic pH of the stomach (Peri et al. 
2005).  By facilitating the NO3
--NO2
--NO pathway, the co-ingestion of betacyanin and 
polyphenol compounds may promote NO-mediated physiological processes.  
 
Table 7.1: The contents of total betacyanins and polyphenol compounds found in BR and PL. 
Taken from Shepherd et al. (2015). Free Radical Biology and Medicine 86: p204 
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On the other hand, some recent investigations have demonstrated that the skeletal muscle 
adaptive response to training may be blunted by concurrent supplementation with antioxidants 
(Paulsen et al. 2014; Morrison et al. 2015). Indeed, oral supplementation with quercetin, 
another component of both BR and PL juices administered in Chapter 4-6 (Table 7.1), blunted 
the increase in mitochondrial DNA content and CS activity measured in rat quadriceps muscle 
in response to 6 weeks treadmill exercise training (Casuso et al. 2014). Based on the 
experimental chapters in this thesis, it is difficult to partition out the effects of NO3
- ingestion 
alone vs. the effects of NO3
- and antioxidants present in BR on sprint and high-intensity 
exercise performance, cognitive performance and on the adaptations to SIT. Further study is 
required to assess whether NO3
- administered in isolation (i.e., as KNO3 or NaNO3) is more or 
less efficacious at improving these outcomes than the BR supplement used herein. 
What are the effects of NO3
- supplementation on cerebral physiology during exercise? 
A favourable effect of NO3
- supplementation on cerebral blood flow to areas responsible for 
executive functioning has recently been demonstrated (Presley at al. 2013). It has also been 
shown that blood flow is specifically increased to these areas at the onset of cognitive task 
performance which may improve cognitive performance at rest following NO3
- 
supplementation (Wightman et al. 2015). Although Chapters 4 and 5 indicate that NO3
- 
supplementation may improve cognitive performance during intermittent sprint and high-
intensity intermittent exercise, there were no measures of cerebral perfusion to highlight 
potential differences in cerebral physiology induced by NO3
- supplementation. Further study 
is needed to assess the effect of NO3
- supplementation on changes in cerebral physiology in 
response to cognitive task performance during intermittent sprint and high-intensity 
intermittent exercise. 
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What are the effects of NO3
- supplementation on muscle [NO3
-]? 
In Chapters 4-6, differences in NO synthesis between BR and PL supplementation regimens 
were assessed by differences in both plasma [NO2
-] and [NO3
-]. The direct measurement of NO 
is extremely difficult because it has a very short half-life in vivo (less than 0.1s; Kelm et al 
1990). On the other hand, NO2
- and NO3
- are, by comparison, relatively stable. Indeed, in 
human blood, NO2
- has a circulating half-life of ~110 s (Kelm 1999) and NO3
- has a half-life 
of between 5 and 8 hours (Tannenbaum 1994). This makes NO2
- and NO3
- more practical 
indices of NO synthesis in vivo.  
Increases in plasma [NO3
-] and [NO2
-] are consistently reported following NO3
- 
supplementation (Bailey et al. 2009; Kelly et al. 2013; Vanhatalo et al. 2010; Wylie et al. 
2013a; 2013b) and have been demonstrated following all supplementation procedures in the 
experimental chapters of this thesis. In addition, there is increasing evidence that these 
responses are dose- (Wylie et al. 2013b) and perhaps duration-dependent (Chapter 6). 
However, it remains unclear whether [NO3
-] and [NO2
-] are increased within human muscle at 
rest and during exercise with different doses and durations of NO3
- administration, and whether 
this is an important determinant of the physiological and performance effects that have been 
observed. Recent discoveries of high [NO3
-] in rat and mouse leg muscle (Piknova et al. 2015) 
and large decreases in muscle [NO3
-] occurring in concert with transient increases in blood 
[NO2
-] following exercise (Piknova et al. 2016) suggests that skeletal muscle may play a key 
role in NO metabolism and that this NO3
- reservoir is accessible for transport and/or reduction 
to NO2
- and NO during exercise. However, further study is needed to measure the capacity of 
human skeletal muscle to store NO3
- and NO2
- and to assess the extent to which this may 
contribute towards NO generation during exercise.  
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Conclusion 
Since dietary NO3
- was first found to have a positive effect upon the physiological response to 
exercise, several lines of investigation have aimed to understand the potential of NO3
- 
supplementation to promote exercise performance. The current thesis has made novel 
contributions to this understanding by investigating the effect of NO3
- supplementation on 
performance in exercise settings requiring a significant contribution of type II muscle fibre 
activation, namely prolonged intermittent sprint cycling, sprint running and high-intensity 
intermittent running. In addition, Chapter 6 of this thesis has, for the first time, investigated the 
physiological, muscle metabolic and performance effects of combining NO3
- supplementation 
with SIT in normoxia. The findings from this thesis support the use of NO3
- supplementation 
to promote exercise performance during sprint and high-intensity intermittent exercise and 
provide evidence for the combination of NO3
- supplementation and SIT to augment exercise 
performance adaptations and some muscular adaptations. Recent discoveries signify a 
preferential effect of NO3
- supplementation on type II muscle fibres and provide key 
mechanistic insights into the observed effects on human performance reported in this thesis. 
This thesis has also contributed to the understanding of how dietary NO3
- influences cognitive 
performance with important implications for several sporting events. Specifically, this thesis, 
for the first time provides evidence that NO3
- supplementation has the potential to improve 
aspects of cognitive performance during intermittent sprint and high-intensity intermittent 
exercise. However, the data presented reflect the responses of a recreationally-active sub-elite 
population. Further investigation is required to elucidate the ergogenic potential of dietary NO3
- 
for elite athletes in competitive exercise settings. 
In conclusion, the current thesis has generated novel data indicating that dietary NO3
- enhances 
exercise and cognitive performance in exercise settings characteristic of team sport play and 
may provide important benefits to athletes engaging in SIT. Dietary NO3
-, in the form of BR, 
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can now be considered as an effective supplement for enhancing key aspects of team sport 
competition and preparation including sprint running performance, high-intensity intermittent 
exercise performance, decision-making during exercise and adaptations to sprint-interval 
training. 
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